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Abstract 
The concomitant occurrence and reported discrepant behavior of uranium and arsenic in 
water bodies is a major health and environmental concern. This study combined batch 
and column experiments, hydrogeochemical simulations and XAFS spectroscopy to 
uncover the exchange mechanisms governing uranium fate between water and scrap 
metallic iron, minerals and Shewanella putrefaciens surfaces in the presence of arsenic. 
The main results suggest that both water chemistry and the solid phase composition 
influence uranium fate in the presence of arsenic. The importance of uranyl-arsenate 
species as a major control of uranium behavior in the presence of arsenic is shown. The 
toxicity of arsenic and the presence of nitrate are interpreted as limiting factors of the 
enzymatic reduction of both toxins. Besides, XANES fingerprinting and EXAFS 
modeling have confirmed precipitation/co-precipitation of uranyl-arsenates as a major 
mechanism controlling uranium behavior in the presence of arsenic.  
  
Kurzfassung 
Das begleitende Auftreten und das berichtete diskrepante Verhalten des Urans und des 
Arsens in den Wasserkörpern sind eine Hauptgesundheit und ein umweltisches Problem. 
Diese Arbeit kombinierte Batch und Säule versuchen, hydrogeochemische Modellierung 
und XAFS Spektroskopie, um die Austauscheinheiten freizulegen, die Uran Schicksal 
zwischen Wasser und metallisches Eisen, Mineralien und shewanella putrefaciens 
Oberflächen in Anwesenheit des Arsens auszurangieren regeln. Die Hauptresultate 
schlagen vor, daß die Wasserchemie und der Aggregatzustandaufbau Urans Schicksal in 
Anwesenheit des Arsens beeinflussen. Die Wichtigkeit der „Uranyl-arsenate― Spezies als 
Hauptsteuerung des Urans Verhaltens in Anwesenheit des Arsens wird gezeigt. Die 
Giftigkeit des Arsens und das Vorhandensein des Nitrats werden als Begrenzen von 
Faktoren der enzymatischen Verkleinerung beider Giftstoffe gedeutet. Außerdem haben 
XANES Fingerabdruck und EXAFS Modellierung fällung/mitfällung der „Uranyl-
arsenate― als Haupteinheit steuernden Urans Verhalten in Anwesenheit des Arsens 
bestätigt. 
 
Résumé 
L'occurrence simultanée et le comportement divergent d'uranium et d'arsenic en milieu 
aqueux constituent un problème majeur de santé publique et environnemental. Cette 
étude a combiné les expériences en milieu fermé batch et en colonne, les simulations  
hydrogéochimiques et la spectroscopie XAFS pour identifier les mécanismes d'échange 
gouvernant le comportement d'uranium entre l'eau et le fer métallique, les minéraux et les 
surfaces de Shewanella putrefaciens en présence d'arsenic. Les résultats principaux 
suggèrent que la chimie de l'eau ainsi que la composition de la phase solide influencent le 
comportement d'uranium en présence d'arsenic. L'importance d'espèces d'uranyl-arsenates 
comme un contrôle majeur du comportement d'uranium en présence d'arsenic est 
montrée. La toxicité d'arsenic et la présence du nitrate sont interprétées comme facteurs 
limitant la réduction enzymatique des deux toxines. En plus, l‘analyse qualitative 
XANES et la modélisation des spectres EXAFS ont confirmé la précipitation/co- 
précipitation d'uranyl-arsenates comme un mécanisme majeur contrôlant le 
comportement d'uranium en présence d'arsenic                                            
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Major Symbols and Abbreviations  
 
Symbols                                                                             
                                                                                                                Dimensions/Units            
 
f(k)                  backscattering amplitude function                                                           - 
 
h                      groundwater head                                                                                    [L] 
 
k                      hydraulic conductivity                                                                        [LT
-1
] 
 
n                      volumetric moisture                                                                                 - 
 
r                       radius                                                                                                     [L] 
 
A                     cross sectional area                                                                               [L
2
] 
 
C                     solute concentration                                                                     M (moles) 
 
E                     photon energy                                                                  eV (electron volts) 
 
ΔG                  Gibbs free energy of formation                                                       J (Joule) 
 
ΔG0                 standard Gibbs free energy of formation                                        J (Joule) 
 
I0                     Incident light intensity                                                              A (Amperes) 
 
I                      transmitted intensity                                                                  A (Amperes) 
 
K                     equilibrium constant                                                               dimensionless 
 
N                     coordination number                                                               dimensionless 
 
Q                     water discharge                                                                               [L
3
 LT
-1
] 
 
R                     distance between the absorbing and the backscattering atom                  [L] 
 
Sm                    surface area per unit mass                                                               [L
2
 M
-1
] 
 
So
2
                   amplitude reduction factor                                                                      - 
 
T                      temperature                                                                                        Kelvin 
 
Vx                              linear velocity                                                                                     [LT
-1
]   
 
X                     length                                                                                                       [L] 
vi 
 
 
λ                         wave length                                                                                        [L] 
 
λ(k)                     mean free path length                                                                        [L] 
 
φ(k,R)                 total phase shift                                                                                   - 
 
μ(E)                    total linear absorption                                                                         - 
 
σ                         specific charge                                                                                    - 
 
σ2                        mean square average displacement from the mean path length        [L] 
   
ρ                          bulk density                                                                                [M L-3]   
 
χ(k)                     EXAFS function regime                                                                 [L-1]  
 
 
Abbreviations 
 
pzc                       point of zero charge 
 
AAS                    Atomic Absorption Spectroscopy 
 
ATP                    Adenosine Triphosphate 
 
DSMZ                Deutsche Sammlung von Mikroorganismen und Zellkulturen 
 
DNA                  Deoxyribonucleic acid  
 
EDTA                Ethylenediaminetetraacetic acid 
 
EXAFS              Extended X-ray Absorption Fine Structure Spectroscopy 
 
FZK                   Forschung Zentrum Karlsrhuhe 
 
GTP                   Guanosine triphosphate 
 
HFO                  Hydrous Ferrous Oxide 
 
ICP-MS             Inductively Coupled Plasma-Mass Spectroscopy 
 
INE                   Institut fuer Nukleare Entsorgung 
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Chapter 1 
 
Introduction 
 
Uranium and arsenic are notorious human health and environmental hazards owing to 
their proven chemo toxicity and long term stability. Understanding uranium interactions 
with elemental iron, minerals and bacteria in the presence of arsenic is a key towards 
better design, operation, long term maintenance, performance evaluation and trouble 
shooting of sound remediation strategies for contaminated groundwater. This chapter 
further elaborates on this research rationale, objectives and approach. It ends with an 
outline of this report organization. 
1.1 Rationale 
Ever since its discovery, uranium has only gained much strategic interest in the 1940s 
with the beginning of the nuclear era commonly benchmarked  with the American-British 
and Canadian led Manhattan Project culminating with the nuclear bombing of the 
Japanese towns of Hiroshima and Nagasaki in 1945 thereby  ending the world war II. As 
shown in figure 1.1, the postwar rivalry and subsequent race for nuclear bombs as 
ultimate deterrent between mainly the United States of America (USA) and the former 
Union of the Soviet Socialist Republics (USSR) have triggered massive uranium mining 
and milling world wide.  
 
The intensive uranium mining and milling with none to little consideration to ecosystems 
sustainability has resulted in numerous contaminated sites scattered world wide. In the 
USA, Morrison and Spangler (1992) reported over 230 millions tons of uranium tailings 
stored at mill sites whereas Al-Hachimi (1992) estimated about 300 millions tons of 
uranium tailings in Canada by the end of the 20
th
 century.  The environmental legacy of 
uranium mining and milling in the German federal states of Thuringia and Saxony is an 
array of open pits and underground mines, waste dumps and tailing ponds spread 
throughout densely populated areas in a country where groundwater accounts for up to 60 
percent of water supply needs.  
Introduction 
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Figure 1.1: Evolution of nuclear warheads between the USA and the USSR/Russia from 
the end of World War II to date. Other self declared and presumed nuclear powers 
combined have fewer than 1500 warheads. UK, France and China are accredited with 
fewer than 350 each. India, North Korea, Pakistan and Israel may have fewer than 100 
each (Johnson, 2007).    
The Saxony high mountain and orphan contaminated site Schneckenstein Uranium 
Tailings (SUT) for instance covers 6 hectares for a total volume of 700,000 m
3
 of sandy 
to silty tailings which still contain an estimated 387 tons of uranium and 1794 tons of 
arsenic prone to acid rain leaching and erosion (figure 1.2). About 126,000 tons of 
uranium out of 230, 000 tons produced during the Soviets occupation of Germany came 
from Saxony alone (Meinrath, 2003). 
In the Democratic Republic of Congo (formerly Belgian Congo) whose Shinkolobwe 
uranium mines supplied much of the uranium used for the Manhattan project, a 
comprehensive environmental impact of uranium mining will probably never be known.  
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Figure 1.2: Uranium Tailings Schneckenstein metal inventory (data from Merkel et al. 
1998). 
Besides, since the 1970s petroleum crisis expanding to today drivers such as shrinking oil 
reserves, increase of oil demand from emerging Asian consumers and its impact on 
global warning, many countries plan to or have shifted to nuclear based energy 
production. This quest for the alternative nuclear based energy fused with the dismantling 
of older nuclear weapons but the development of new generation of nuclear weapons has 
sparked higher demand and sharp price increase of the ―yellow cake‖ (uranium oxide 
U3O8) in the world market. 
In general, as noted by Morrison et al (2002), around many uranium mill tailings all over 
the world, groundwater is contaminated with various metals and metalloids such as As, 
Mn, Mo, Se, U, V, and Zn among others. Furthermore, uranium and arsenic occur 
frequently together in natural associations such as Cu-V-U-Ag-As in Cu sandstone 
deposits, U-Cu-Ag-Co-V-Ni-As-Au-Mo-Se-Bi in vein type deposits, U-Cu-Ag-Co-Ni-
As-V-Se-Mo-Au in unconformity vein type U deposits and in some phosphate deposits 
(Reimann and de Caritat, 1998). For instance, uranium ore bodies in the JEB Mill of the 
McClean Lake Operation in the Athabasca Basin of Northern Saskatchewan (Canada) has 
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been reported with arsenic concentrations up to 6800 mg/L in spent acidic leaching 
solutions referred to as raffinate (Mahoney et al. 2007).   
The bioavailable portion (soluble, non sorbed and mobile) of the released uranium and 
arsenic contaminate water bodies up to concentrations of hundreds of order of magnitude 
beyond the current World Health Organization respective thresholds of 15µg/L uranium 
and 10 µg/L arsenic in drinking water. While arsenic is a controversial but essential 
element to living organisms including humans (Riemann and de Caritat, 1998), uranium 
is not. Both elements are notorious chemo toxins whereas the latter is in addition, a radio 
toxin.  
The world wide environmental awareness of uranium and arsenic proven carcinogenicity 
combined with the 1979 nuclear accidents at Three Mile Island (USA) and the 1986 
Chernobyl (USSR) nuclear power facility accident and, the infamous arsenic mass  
poisoning in Bangladesh and India‘s west Bengal (SEGH, 1998) has fuelled research 
interest for efficient and cost effective mitigation technologies.  
Still however, studies solely related to uranium and arsenic competitive fate and transport 
in saturated porous media are scarce. Most studies related to the interactions between  
uranium and arsenic are linked to their removal efficiency by specific reactive materials 
primarily zero valent iron (Uhrie et al., 1996; Schneider et al., 2001a, 2001b, Mallants et 
al. 2002, Morrison et al. 2002 and, Mbudi and Merkel, 2005). Yet other studies have 
reported divergent fate of uranium in environmental settings where arsenic and iron are 
competitors (Seidel et al. 2002; Wolkersdorfer 1995; Kalin et al. 2002).  
Worth mentioning Denecke et al. (2005) which combined confocal micrometer-scale X-
ray fluorescence and bulk X-ray absorption fine structure to uncover uranium and arsenic 
speciation and hypothesized on the geogenic immobilization mechanism of uranium in 
tertiary sediment dominated by the system Fe-U-As.  
In addition, current passive remediation technologies of uranium-contaminated 
groundwater such as reactive permeable barriers (Zero Valent Iron filling, Bone-Chair 
Phosphate and Amorphous ferric) designed as more efficient and cost effective than 
traditional pump and treat have also shown drawback. The possible release of uranium 
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and arsenic back into solution is a concern. Besides, elemental iron filling permeable 
reactive barrier which has proven itself as the most promising in mitigating both uranium 
and arsenic has a specific weakness. In fact the mechanisms governing sorption of both 
uranium and arsenic onto elemental iron and corrosion products still the subject of 
seemingly contradictory interpretations. Thus, focus has been turned over microbial 
induced reduction and immobilization of uranium. Even then, much need to be done in 
the definition of relevant bio-geochemical reactions and related kinetics.  
As aforementioned, understanding the mechanisms governing the abiotic and microbial 
aided sorption of uranium onto metallic iron, mineral and bacteria surfaces in the 
presence of arsenic is essential. As stressed by Kabata-Pendias (2007), a better 
comprehension of the biogeochemical reaction paths of inorganic toxins natural cycles 
that eventually results in higher concentrations into human food may be the key for a 
healthier and sustainable environment. 
1.2 Objectives  
The cardinal hypothesis underpinning this work was whether arsenic and/or bacteria 
enhance or on the contrary retard sorption and hence mobility of uranium in saturated 
porous media. Owing to the complexity of the environmental aqueous system and the 
prominent role of reactions at mineral/bacteria and mineral/water interfaces, this study 
focused on abiotic/biotic competitive sorption reactions and related kinetics. Thus, the 
main objectives of this study were to: 
 Investigate the effects of water chemistry and of the solid phase on sorption of 
uranium in the presence of arsenic 
 Identify the relevant mechanisms governing uranium sorption onto elemental iron, 
minerals and bacteria surfaces at both microscopic and molecular scales  
 Simulate relevant bio-geochemical processes controlling the sorption and reactive 
transport of uranium under arsenic influence 
On the whole, the fate and transport of uranium in the subsurface under redox sensitive 
As, Fe and bacteria is a challenging undertaking. Parts of the complexity of the problem 
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include the fact that the spatial and temporal evolution of uranium concentration in 
groundwater settings is governed by a myriad of factors. The list includes groundwater 
composition and speciation, reactivity of the aquifer solid phase, the flow path, the 
residence time, groundwater-minerals-bacteria interactions, as well as the limited 
understanding of some of the many physico-chemical processes involved. Thus, the study 
of uranium is often prone to ―contradictory and even mutually exclusive interpretation of 
one and the same experimentation results‖ (Meinrath, 1998). 
1.3 Approach 
To tackle this complex and open ended problem of sorption mechanisms controlling the 
mobility of uranium under arsenic, iron and bacteria influence, and meet the objectives 
outlined above, a combined experimental and numerical simulation approach was used.   
The emphasis on the laboratory approach is motivated by current limitations of 
geochemical models related to thermodynamic database uncertainties (Nistche et al. 
2000) as well as errors, omissions and the overall reliability of data particularly for most 
arsenic species (Zhu and Merkel, 2001; Merkel, 2004). Despite this inherited weakness, 
yet hydrogeochemical modeling of major exchange processes identified from laboratory 
experiments still a valuable conceptual, control and integrated interpretative tool (Behra, 
1987). The computer code PHREEQC (Parkhurst and Appelo 1999) was used for a wide 
range of bio-geochemical modeling including speciation, sorption, dissolution, and 
coupled 1-D reactive transport.  
The laboratory experimental work under well defined and controlled master variables pH 
and Eh was designed in ways that closely simulate field conditions. Batch sorption and 
column experiments evolved around the influence and role of sorbents mainly elemental 
iron and various minerals, groundwater composition and bacteria cells of Shewanella 
putrefaciens on uranium sorption under arsenic influence. The synchrotron based X-ray 
absorption fine structure (XAFS) spectroscopy experiments were aimed at uncovering 
uranium and arsenic speciation and their respective coordination chemistry towards the 
determination of the type of sorption mechanisms of uranium onto scrap metallic iron and 
Shewanella putrefaciens surfaces in the presence of arsenic. XAFS spectroscopy is well 
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established as efficient analytical tool in uncovering the binding mechanisms of 
metals/metralloids onto environmental solids (Brown, 1990). 
1.4 Thesis Organization  
 
This thesis contains five chapters.  The second chapter deals with relevant aspects of the 
theoretical hydrogeochemical, geomicrobiological and environmental framework. 
Chapter three describes the batch and column experimental settings. It further gives a 
brief description of the synchrotron based X-ray absorption fine structure (XAFS) theory, 
sample preparation and the experimental setup during the record of the bulk U-L3 and 
As-K edges XAFS spectra at the INE-Beamline for actinide research of the ANKA 
synchrotron radiation facility, Forschungszentrum Karlsruhe, Germany. Chapter 4 is 
aimed at identifying the mechanisms controlling uranium sorption under arsenic 
influence at both micro and molecular scales. The results of batch and column 
experiments are presented and discussed in the first section. This exercise is aided with 
hydrogeochemical modeling of selected experiments and processes using a critically 
reviewed thermodynamic database. The second section of chapter 4 discusses the X-ray 
absorption near edge fine structure (XANES) spectra and models the extended X-ray 
absorption fine structure (EXAFS) spectra to uncover uranium and arsenic speciation, the 
coordination chemistry around the respective absorbing atoms and hence the type of 
surface complexes and related sorption mechanisms and processes. Chapter 5 
summarizes, concludes, outlines the environmental implications of the major results and 
reflects on subsequent future research avenues.  
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Chapter 2 
 
The Hydrogeochemical, Geomicrobiological and 
Environmental Framework 
 
The scientific literature related to uranium is extremely abundant. In a review of over 
1500 uranium related publications, Meinrath (1998) gives a well-documented reference 
on aquatic chemistry of uranium emphasizing on aspects of environmental chemistry. 
Burns and Finch (1999) edited an authoritative compendium on uranium mineralogy, 
geochemistry and the Environment.  Similarly, Welch and Stollenwerk (2003) led a 
rather comprehensive review on arsenic fate in groundwater. As a major component of 
steel and its ubiquity and control of most hydrogeochemical processes, iron literature is 
equally abundant. Besides, microorganisms count in excess of up to 10
8
 per gram of soil. 
The realization that microorganisms may mediate chemical reactions at mineral-water 
interface and efficient at mitigating contaminated groundwater systems gave impetus to 
the emerging science of geomicrobiology. This chapter starts with a brief review of the 
fundamentals of flow, reactive transport and sorption processes in saturated porous media 
followed by an overview of the environmental hydrogeochemistry and the 
geomicrobiology of uranium with reference to arsenic and iron. It ends with a description 
of major remediation technologies for mitigating uranium and arsenic in the subsurface. 
 
2.1 Flow, Reactive Transport and Sorption Processes 
The fate of metals and metalloids in the subsurface depends on a plethora of mass 
transport and exchange processes. Solute transport mainly entails advection, dispersion, 
and diffusion as main governing mechanisms. In natural settings, however, chemical 
interactions at the interface solute and solid phase (mainly minerals and micro- 
organisms) as well as between dissolved constituents play an important exchange role. 
The resulting bio-geochemical mass transfer processes include sorption, 
dissolution/precipitation, radioactive decay, acid/base reactions, hydrolysis, substitution, 
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redox reactions and biologically mediated mass transformation. Thus, to better 
understand and hence predict contaminants behavior in the subsurface, a thorough 
knowledge of the flow and the reactive mass transport, transfer and transformation 
processes is required. 
2.1.1 Flow and Reactive Mass Transport 
Henry Darcy pioneering experiment on the fundamental of groundwater flow predicts 
water discharge Q of a laminar water flow through a sandy column of length x and cross 
sectional area A as (Darcy, 1856): 
                                         
dx
dh
AKQ                                                                        (2.1)                                                        
where K = hydraulic conductivity and 
dx
dh
= hydraulic gradient. 
Darcy law is often expressed in term of specific discharge q also known as Darcy flux 
                                           
dx
dh
K
A
Q
q                                                                     (2.2)                                                      
The transient 3-D equation of water flowing over time t in a ―representative elementary 
volume‖ (REV) is derived through the combination of Darcy law and the continuity 
principle: 
t
h
S
z
K
zy
h
K
yx
h
K
x
szzyyxx

















)()()(                                                           (2.3) 
 where Ss stands for specific storage. 
Similarly, taking into account mass conservation, hydrodynamic dispersion DL and 
assuming homogeneity and isotropy of the REV, Ogata (1970), Bear (1972), Bear and 
Veruijt (1987) and Veruijt (1995) model 1-D flow and 1-D transport with an average 
linear velocity Vx of a non reactive single solute of concentration C: 
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x
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
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
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
2
2
                                                                                                   (2.4) 
The solution of this equation requires the definition of both initial and boundary 
conditions. The flow model with velocity distribution must be solved first in order to 
simulate the contaminant plume. 
Recent advances in transport modelling extend this equation to consider chemical and 
biological processes and reactions of a component or master species ―i‖ in the aqueous 
solution with the term Csi related to sorption being the most important: 
reaction
iii
x
i
L
i
t
C
t
Cs
nx
C
V
x
C
D
t
C
)(
2
2













 
                                                          (2.5) 
ρ = bulk density of the saturated porous media while n = volumetric moisture content or 
porosity 
Furthermore, assuming a local equilibrium for a given chemical reaction involving  the 
reactants A and B yielding products C and D  with in either side their respective 
stoichiometric coefficients a, b, c and d. 
dDcCbBaA                                                                                                (2.6) 
And applying the mass conservation law, the equilibrium constant K can be calculated 
from the activities of reactants and products: 
  
ba
dc
BA
DC
K
}{}{
}{}{
                                                                                                              (2.7)         
This equation can be generalized for every component or master species ―i‖ as the time 
dependent constant: 

Maq
m
iCm
mii aaK
,
                                                                                                             (2.8)            
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where Maq = total number of components or master species; Cm,i = stochiometric 
coefficients of component/master species m in species i. 
As a thermodynamic constant, the equilibrium constant K is linked to Gibbs free energy 
of formation ∆G in the relation: 
ba
dc
BA
DC
RT
][][
][][
lnG G 0                                                                                           (2.9) 
At equilibrium ∆G = 0 and the standard Gibbs free energy of formation is  
KRTG ln0                                                                                                            (2.10)  
where R is the gas constant while T is the temperature in Kelvin 
Progress on personal computer capabilities has been an impetus to geochemical models 
designed to couple transport processes and chemical reactions (Yeh and Tripathi, 1989). 
A detailed theoretical background of the complex modeling process coupling mass 
transport and chemical reactions is presented in Steefel and Macquarie (1996). Provided 
the thermodynamic database embedded within a given code is reliable (Nitzche et al., 
2000), the coupling of transport equation and thermodynamic reactions better predicts 
reactive multi species fate in saturated porous media. For kinetically controlled systems, 
some models such as PHREEQC (Parkhurst and Appelo, 2000) support user defined rate 
equations. These chemical reactions affect the speciation in both the liquid and in 
particular at the liquid-solid interface through processes such as sorption. 
2.1.2 Sorption Processes 
2.1.2.1 Definition 
Sorption is a generic term with a variety of definitions. Sorption generally refers to   
processes describing the accumulation of a solute of interest at the interface solid and the 
aqueous phase. It includes adsorption, chemisorption, absorption and ion exchange 
(Fetter, 1999).  
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Sposito (1986) and Sigg et al. (2000) expand this definition to include processes such as 
surface precipitation and diffusion of solutes into porous media. For Sigg et al. (2000), 
sorption is: 
―Any process at the interface (solid-liquid) leading to solute phase change or 
to solute/its environment induced surface transformation. The associated 
mechanisms are ion exchange, surface complexation, surface precipitation, 
hydrophobic controlled sorption, absorption, and diffusion in the solid phase‖    
Adsorption is the fixation of solute at the surface of the solid. It is sometimes used 
interchangeably with chemisorption which specifically refers to the adherence of solute at 
the solid surface through chemical bonding. Ion exchange involves the replacement of an 
ion at the solid surface by another from the aqueous phase. Absorption occurs when 
solute accumulates into a porous solid phase normally organic matter  
In this text, the terms fixation, adherence, uptake, retention, accumulation and sorption 
are used interchangeably referring to any process leading to the ―removal‖ of the 
metal/metalloid of interest from the aqueous phase. Thus, the term sorption in this text 
refers to all of the mechanisms listed by Fetter (1999), Sposito (1986) and Sigg et al. 
(2000) and ―co-precipitation‖. 
As depicted in the equation (2.5), sorption processes play an important role in mass 
transport in porous media by retarding the plume progression. Thus, understanding the 
sorption processes at the interface solid-water requires a rather good characterization of 
the solute chemical composition chiefly its speciation, the chemistry and reactivity of the 
sorbing surface and the possibility of competition for adsorbing sites.  
2.1.2.2 Surface Physico-Chemistry 
In natural environmental settings, mineral surfaces and organic matters are the most 
common sorbing surfaces for trace metals and metalloids dissolved in aquatic systems. 
The retention of solute onto mineral surfaces is highly dependent on the latter physico-
chemical properties that include surface area, surface charge and its density and, the type 
of surface functional groups.  
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2.1.2.2.1 Surface Area  
Smaller particles size minerals are as a rule better sorbents due to their much higher 
surface area and charge imbalance controlling chemical reactions at the interface with the 
aqueous phase. The surface area of the sorbing matter is proportional to the amount of 
dissolved solute that likely adheres on it but inversely proportional to its solubility. The 
specific surface area Sm is the surface area per unit mass. For evenly sorted spherical 
particle of radius r and density ρ: 
r
Sm

3
                                                                                                                        (2.11) 
Sorption measurements are commonly normalized to the surface area or specific surface 
area to account for the effects of surface functional groups. 
 
2.1.2.2.2 Surface Functional Groups 
Spectroscopy evidence has helped identify molecular scale units at the surface of 
minerals and organic matter referred to as surface functional groups. These units can 
react with dissolved solutes to form surface complexes of various types: inner sphere 
(monodentate, bidetante, mononuclear, bidetante-mononuclear) or outer sphere. Their 
nature governs the stoichiometry of the interface reaction as well as the change in 
adsorption as a function of solution chemistry. In addition, surface functional groups 
influence the electrical properties of the interface. Their density is directly proportional to 
the adsorption capacity (Davis and Kent, 1990).  
 
The most common surface functional groups include: 
 Proton bearing and pH dependent surface hydroxyl groups at oxide and 
aluminosilicate surfaces without permanent charge. These surfaces undergo 
protonation/deprotonation reactions of the type: 
  HFeOHFeOH 2                
  HFeOFeOH  
 where FeOHFeOH   ,2  and 
 FeO  stand respectively for the positively, neutral 
and negatively charged hydroxyl surface groups. 
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 Organic matter namely bacteria cell surfaces, humic and fulvic acids, and humin 
possess a variety of functional groups mainly carboxyl COOH, carbonyl CO, 
alcoholic OH, phenolic OH, imidazole NH and amino NH2. 
 
 Minerals with permanent structural charge such as clays exhibit proton 
bearing surface functional groups and ion bearing exchange sites 
 
 Carbonate minerals  
In these minerals, processes such as dissolution and precipitation reactions and surface  
dislocations induce a dynamic interface characterized by a flux of cations, carbonates 
ions and an array of sorbing sites groups  2CaSc , 
 23COSa  and 
 3HCOSa . 
The ions Ca
2+
 and 23CO  relative concentrations control the variation of related 
concentrations of cations and anions surfaces complexes.  
 
 Sulphide minerals 
The surface of sulfide minerals is mainly characterized by the surface functional groups 
SH  (sulfhydryl or thiol) whose reactivity is similar to the hydroxyl group MOH . 
 
2.1.2.2.3 Surface Charge and Density 
The electrical surface charge of the solid surface can result from isomorphic substitution, 
unbalanced charge at the surface and coordinative chemical reactions at the surface 
between functional groups and solute. The mostly permanent negative charge of 
aluminosilates resulting from the structural substitution of silica atom by aluminium in 
the tetrahedral sites of the crystal lattice is well known. On the other side, 
protonation/deprotonation reactions (2.12 and 2.13), metal Me
2+
chemisorption (2.14) and 
ligand L exchange (2.15) with hydroxyl functional groups at the surface of oxides can 
induce an overall positive or negative charge at the surface: 
  2SOHHSOH                                                                                          (2.12) 
  HSOSOH                                                                     (2.13) 
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  HSOMeMeSOH 2                                                                              (2.14) 
OHSLHLSOH 2
                                                                                 (2.15) 
The adsorption of most ions depends on the surface charge commonly expressed as 
surface charge density or specific charge   (Appelo and Postma, 2005): 
AMHi   00                                                                              (2.16) 
where: 
0  structural charge due to substitution in the crystal lattice; 
AMHi    = interfacial charge due to complexed ions; 
}{}{ 2
  SOSOHH = net proton charge;  
}){1( )1(  mM SOMm = cation sorption induced contribution; 
}){1( )1(  aA SAa = contribution of anion A
a-
 sorption. 
 
Furthermore, the entire surface charge contributors but 0  are pH dependent. Hence 
when the specific pH values of one of these contributors is zero lead to the notion of 
points of zero charge. For example, 0  corresponds to the ―point of zero charge‖ PZC 
where all other charges are neutralized by the proton charge whereas at the ―the point of 
zero net proton charge‖ PZNPC, 0H  due to surface deprotonation/protonation 
reactions. The overall surface charge of the solid is neutralized by the charge D  in the 
diffuse layer so that 0 D   
 
2.1.2.3 Solution Speciation and Metal complexes Equilibria  
 
2.1.2.3.1 Solution Speciation 
Chemical elements are seldom in their primitive form in aqueous systems. They often 
occur in different forms associated with their redox state and their coordinative chemistry 
with ligands or functional groups at solid surfaces. Their expression into these different 
species is termed speciation. Speciation is determined analytically and through 
equilibrium thermodynamic calculations. In aqueous systems, a single element can occur 
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into a wide variety of species which makes its speciation determination difficult and 
requires the combination of specific techniques that may include spectroscopic, 
electrochemical, chromatographic, voltametric and ionic exchange.   
Equilibrium speciation calculations on the other hand can be limited by the accuracy of 
the analytical determination of the system chemical composition and limitations related 
to errors, omissions and uncertainties of thermodynamic database supplying stability 
constants ij  for the determination of the complexes involved. Meinrath et al. (2004) 
have advocated for probabilistic speciation fusing routine speciation code such as 
PHREEQC (Parkhurst and Appelo (2000) with probabilistic sampling tools such as Latin 
Hypercube Sampling or Monte Carlo Sampling to cope with uncertainties in 
thermodynamic data base for chemical speciation and ultimately related sorption and 
reactive transport calculations. 
 
Generalizations on the adsorption of complexes formed through interaction of cations and 
ligands in aqueous systems are not straightforward. While it is commonly admitted that 
the speciation of dissolved solute plays an important role for its sorption onto solid 
surfaces, yet the sorption mechanism can differ pending on the element speciation charge 
whether neutral ion, cation or anion which interact differently with surface functional 
groups. For example, in some cases there is competition for coordination of metal ions 
between mineral surface sites and dissolved ligands. Such competition may explain for 
instance, the non adsorption of metal-EDTA and meta-fulvate complexes by mineral 
surfaces such as oxides end aluminosilicates but adsorption of these same complexes by 
relatively basic oxides such as hydrous aluminum oxides (Davis and Kent, 1990). 
 
2.1.2.3.2 Metal Complexes Equilibria 
A metal ion in aqueous solution can interact with a ligand in ionic or covalent bonds. For 
an inorganic coordination entity, a ligand can be atoms or groups joined to the central 
atom.  
A system with ion M and Ligand L can form a complex of the general form: 
lMLiLM   With a complexation constant i
i
i
LM
ML
]][[
][
  
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Given the acidity constant K for Ligand protonation at known pH, equilibrium metal 
speciation can be calculated using a system of equations containing: 
- the total concentration of the species ii LMiML ]][.[    
- mass balance of metallic ion ][][][
1
i
n
i
T LMMM

  
- Ligand mass conservation ][][][][
1
i
n
i
T LMHLHL

   
- Protons budget 
 
Besides, an aquo ion can be hydrated with 4-6 water molecules and undergo hydrolysis 
forming polynuclear species or coordinate with inorganic or organic ligands to form 
complexes whose determination must take into account solute total concentration Mtot: 
][ McontainingspeciesM tot   
It follows that for a cation M
2+
 undergoing hydrolysis and coordinating with ligands: 
][])([][ 2 ij
ji
itot MLOHMMM 
  
i
iij
ji
tot LMM ][1]([
2    
Hence, of cardinal importance is knowledge of the free ion M
2+
 and accurate 
determination of pH and ligands. 
For kinetically controlled reactions such as ligand exchange with aqueous metallic ion, a 
two steps mechanisms consisting of the following reactions may be considered: 
(a) Formation of ionic pairs with ligands 
LOHMeLOHMe nm
n
m .))(())(( 22
                       K1                                                          (2.17) 
(b) Dehydration 
OHLOHMeLOHMe nm
n
m 2122 ))((.))(( 


               K2                                                          (2.18) 
The kinetic of reactions (2.17 and 2.18) are described by the rate equation: 
]][[
][
21 LMeKK
dt
MeLd
  
Understanding the complexation of metal ion by ligand and the related coordination 
chemistry is paramount for predicting the behaviour of metals in subsurface.  Their fate is 
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generally dependent on their interactions with ligands. Turner et al (1981) classify the 
elements of the periodic table as a function of their interaction with ligands. They took 
into account the interactions of cations with the inorganic ligands commonly encountered 
in natural waters and assigned the ligands themselves to ‗hard‘ such as F−, SO4
2−
, 
‗intermediate‘ such as OH−, CO3
2−
 and ‗soft‘ categories such as Cl−.  
 
2.1.2.4 Sorption Mechanisms at the Interface of the Solid-Liquid Interactions  
A dissolved solute can adhere onto solid surfaces in a variety of ways mainly through 
weaker London-Van der Waals retention forces (10-40 kilo Joules/mol). The aquo ion is 
then said to physically sorb onto the solid surface and form complexes known as outer-
spheres. It can also sorb on the mineral surface either through chemisorption to form 
inner sphere complexes or related mechanisms including ion exchange, surface 
precipitation, hydrophobic retention, and co-precipitation. These sorption mechanisms 
can be sequential or in a continuum of reaction from adsorption to solid solution 
formation (Appelo and Postma, 2005) 
 
2.1.2.4.1 Surface Complexation 
The surface complexation theory assumes (Dzombak and Morel, 1990): 
 Sorption involves chemical reaction between an aquo ion and the surface 
functional groups and form inner sphere complexes through covalent bonding of 
more than 10 Kilojoules/mol.  
 Law of mass conservation and hence chemical equilibrium principles can be 
extended and applied to surface complexes 
 Sorption involves also surface charge dependent electrostatic/coulombic effect 
induced by surface complexation itself. Thus, equilibrium constant of surface 
reactions can be corrected with a factor derived from the double layer electrical 
theory to account for surface charge effect on sorption 
-Cation Adsorption  
Surface sites OHS  at oxides surfaces for example are pH dependent and undergo 
amphoteric protonation/deprotonation reactions which control their interactions with 
metal ions or ligands: 
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  HOHSOHS 2                               
}{
]}[{
2
1 




OHS
HOHS
K sa  
  HOSOHS                                
}{
]}[{
2
OHS
HOS
K sa




 
In the presence of a metallic cation M
2+
, these hydroxyls sites OH
-
 react to form inner 
sphere of monodetante or bidentate types surface complexes with proton exchange of the 
general form and corresponding conditional constants: 
  HOMSMOHS 2                    
]}[{
]}[{
21 




MOHS
HOMS
K s  
  HMOSMOHS 2)(2 2
2            
][}{
]}[){(
22
2
2
2 




MOHS
HMOSs   
Thus, metal cation adsorption is generally pH dependent and directly proportional since 
cations adsorption is minimal at low pH values and increases with higher pH values.  
  
-Anion Adsorption  
In a ligand exchange between the anion A
2-
 and OH
-
 of the surface sorption sites of inner- 
sphere complexes of mononuclear and binuclear types, the surface site OHS  acts as 
central atom:  
  OHASAOHS 2                      
]}[{
]}[{
21 




AOHS
OHAS
K s    
  OHASAOHS 22 2
2                    
][}{
]}[{
22
2
2
2 




AOHS
OHASs   
Unlike cations, anions adsorption increases with decreasing pH. 
-Cation and Ligand Sorption 
In most real world situations, cations coexist with ligands in aqueous systems in ternary 
surface complexes whereby either: 
- the ligand presence has almost none impact on cation sorption  
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  HLOMSLMOHS yzyz )1(  
- in a single cation system, the cation behaves as an ion with higher adsorption in low pH 
values 
  OHLMSLMOHS yzyz )1(  
2.1.2.4.2 Ion Exchange 
Ion exchange is the process whereby ion on a solid surface is exchanged for another ion 
in solution. The process can be reversible between metal M in solution and ion B at the 
exchange surface site and at equilibrium the ion exchange selectivity coefficient Ks can 
be calculated: 
 
  zs
ww
s
z mMbBbBmM              
bw
s
mz
mz
s
bw
s
BM
MB
K
][][
][][


           
Although cations exchange is prevalent in some natural soils, ion exchange process can 
affect both cations and anions. Cations exchange is most important in clays, soil organic 
materials and most minerals with structural substitution.  The cation exchange capacity 
(CEC) is defined as mzs
bw
s MBCEC ][][
   for the total solute concentration 
mzbw MBC ][][0
   
 
2.1.2.4.3 Precipitation, Surface Precipitation, Co-Precipitation and Dissolution 
In natural settings, precipitation and dissolution reactions play an important role along 
with sorption processes in controlling the fate of dissolved solute. Pending on changing 
redox conditions, solute fate in the subsurface can be controlled by a sequence of the type 
transport-precipitation/co-precipitation-dissolution-transport.   
While the sorption concept assumes pre-existing solid surface, precipitation does not. 
Surface precipitation, however, occurs on a pre-existing surface. It does not require 
saturation of surface sites but do continually change surface composition. Co-
precipitation is a simultaneous precipitation of an element of interest in conjunction with 
other elements from the aqueous phase. Precipitation at large results in the formation of a 
The Hydrogeochemical, Geomicrobiological and Environmental Framework 
21 
 
newer tri-dimensional sparingly soluble solid phase whose solubility product limits solute 
concentration in the aqueous phase.  
)()()( aqaqs mXnMMnXm                              
m
aq
n
aqS XMK }{}{ )()(0   
Precipitation and its opposite dissolution strongly depend on pH, redox conditions, 
temperature, the overall aqueous chemical composition and the subsequent ions activities 
ratio to the solubility product Kso. 
 
2.1.2.4.4 Hydrophobic Sorption 
Hydrophobic sorption refers to the tendency of hydrophobic substances such as 
hydrocarbons to adhere to minerals and organic matter surfaces rather than mixing with 
water.  This sorption is directly proportional to the solubility of these substances into 
organic solvents such as lipids and grease.  
 
2.1.2.5 Equilibrium Sorption Models 
Owing to its important role in the fate of solute in subsurface, modeling sorption for 
conceptual analysis and prediction purposes is an active research area. Sorption modeling 
tools include isotherms (Linear, Freundlich and Langmuir) and molecular models based 
on the surface complexation theory (constance capacitante model, double layer model, 
triple Layer model and multisite complexation model).  
 
2.1.2.5.1 Sorption Isotherms 
 Linear Isotherm (Distribution Coefficient Kd) 
The distribution coefficient Kd is the ratio of the mass of solute in the solid phase (Cs) to 
its concentration in solution in equilibrium (C). Kd is the slope of the linear sorption 
isotherm CKC ds   . 
Over the last decades, Kd has been intensively used in the advection-dispersion equation 
as a part of the solute plume retardation factor dd K
n
R

1  
Over time however, the use of the coefficient distribution Kd has drawn controversy on 
its limitations as case specific laboratory conditions or models input. 
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 Langmuir Isotherm 
Most sorption isotherms general representative equation is based on the 1:1 stoichiometry 
between the solute Cs and the sorption sites S  (Morel and Hering, 1993; Sigg et al. 
2000). 
ss SCCS                                         ]exp[
]}[{
}{ 0
RT
G
CS
SC
K s
s
s
s




           
Applying mass conservation and assuming concentration of surface species proportional 
to their activities, then the total surface sites TotalS can be written as: 
Tstotal SSCSS ][][][     
Hence,
][1
][
][][
SK
CK
SSC
s
ss
Ts

  
Introducing surface concentration 
masssorbent
SCs ][ and
massSorbent
S T][
max

 , it follows 
the Langmuir isotherm equation in its simplest form: 
 
][1
][
max
ss
ss
CK
CK

  
 
 Freundlich Isotherm 
The Freundlich isotherm is the most obtained when fitting empirical data to the 
relationship  
N
sf CK ][  is often linearized as sf CNK logloglog   whereby Kf and N are 
constants. 
 
2.1.2.5.2 Surface Complexation Models 
Surface complexation modeling extends the adsorption assumption of 1:1 stoichiometry 
ratio used in the derivation of the isotherms formulation to consider any number of 
stoichiometry (Morel and Janet, 1993). The model also accounts for the electrostatic term 
as a result of the adsorption itself in a way that the Gibbs free energy of 
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sorption/adsorption is the summation of the intrinsic term 0intG and the coulombic term 
0
coulG  symbolized as: 
00
int
0
couls GGG    
In surface complexation modeling, the definition of the stoichiometry, intrinsic 
coefficients and the expression of the coulombic term is essential. 
 
There are several types of surface complexation models. Most of them were developed 
primarily for oxyhydroxides and include the monosite 2-pK and 1-pM, the multisite 1-pK 
and the pK-distribution model (Féderoff and Lefèvre, 2005) based on acid-base 
properties of their surface functional groups:  
 
 The monosite 2-pK model 
(Stumm, 1992) assumes the surface is covered with one type of hydroxide functional 
group undergoing pH dependent protonation/deprotonation reactions.  
Typical models are based on distributed layer(s) of counter charged ions near the charged 
surface and include the constant capacitance model, the diffuse layer model, the basic 
stern model and the triple layers model. Each model is characterized by distinct constraint 
equations and molecular hypotheses concerning the surface based on quantum chemistry 
and spectroscopy. Fitting of experimental sorption data with these models can 
theoretically yield intrinsic thermodynamic constants.  
 
 The 1-pK Multisite Complexation Model (MUSIC)  
Hiemstra (1989) assumes several families of oxide and hydroxide sites with defined non 
amphoteric acid constant pK for individual sites. The collective occurrence of several 
groups of sites can result in amphoteric properties of the surface. The MUSIC model 
requires a priori calculation of the acidity constants and a thorough knowledge of the 
crystal including its orientation.  
 
2.1.2.6 Non Equilibrium Sorption Models 
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In case equilibrium is not attained for the sorption under consideration, a kinetic sorption 
model is appropriate. Fetter (1999) distinguishes kinetic sorption models based on the 
rate of sorption formulation. Irreversible first order kinetic sorption model with rate 
function of the solute concentration remaining in solution, reversible linear kinetic 
sorption model when the rate of sorption is related to the amount that has already been 
sorbed, reversible non linear kinetic sorption model whereby the forward sorption 
reaction is nonlinear and the backward desorption reaction is linear; the bilinear 
adsorption model which is the kinetic version of the Langmuir sorption isotherm and 
diffusion controlled rate law when diffusion governs the rate at which the ions are 
transported to the exchange.  
 
2.2 Overview of the Environmental Hydrogeochemistry of Uranium, 
Arsenic and Iron 
 
The environmental chemistry of uranium is as complex as those of arsenic and iron. This 
section briefly reviews the essentials of the environmental hydrogeochemistry of uranium 
relevant to this study. These characteristics are namely their physical and chemical 
properties, occurrence, toxicity and health hazards, aquatic chemistry and, sorption and 
transport. References to similar aquatic chemistry features of arsenic and iron are also 
mentioned for comparison. 
2.2.1. Physical and Chemical Properties 
 
The fate of a contaminant particularly a metal or metalloid in the environment is mainly 
determined by its intrinsic physical and chemical properties which are themselves related 
to its atomic number and hence electronic configuration. 
The dark powder characterized as UO2 (am) and known as pitchblende or pechblende (from 
German ―pech‖ meaning bad luck) discovered by Martin Klapporth in 1789 in 
Joachimstahl of the Erzgebirge mountain chains (Saxony, Germany) was originally 
named ―uran‖ after the planet ―Uranus‖. The French E. Péligot isolated the elemental 
uranium in 1841 while Antoine Henri Becquerel proved its radioactivity in 1896. In 
contrast, arsenic and iron are known since ancient times. The discovery of arsenic in 1250 
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A.D. is attributed to the German scientist, philosophist, theologian and ―Universalis 
Doctor‖ (universal doctor) Albertus Magnus (Albert the Great).With its atomic number of 
92, a relative atomic mass of 232.0289 and its three natural isotopes 
238
U (99.276%, 4.47 
x 10
5
 years), 
235
U (0.72%, 7.038 x 10
5
 years) and 
234
U (0.005%, 2.44 x 10
5
 years), 
uranium is the heaviest naturally occurring actinide.  
 
Table 2.1: The fundamental properties of U, As and Fe. 
Properties Uranium Arsenic Iron 
Element group(s) actinide, heavy  
metal 
heavy metalloid 
(grey) 
heavy metal 
Atomic number 92 33 26 
Atomic mass 238.0289 74.9216 55.8452 
Electronic 
configuration 
(ground state) 
[Rn] 7s2 6d1 5f3 [Ar] 3d10 4s2 4p3 [Ar] 3d6 4s2 
Shell structure 2. 8. 18. 32. 21. 9. 2 2. 8. 18. 5 2. 8. 14. 2 
Atomic radius (pm) - 133 172 
Main oxidation(s) +6(+2,+3,+4,+5) -3,+3,(+5) +3(+2,+4,+6) 
Ionic radius (pm) 116.5(+3),103-
131(+4),90-
98(+5),59-100(+6) 
47.5-72 77-108(+2),63-
92(+3),72.5(+4),39(+6) 
Electronegativity 
(Pauling) 
1.38 2.18 1.83 
Density (g/cm
3
) 11.95 5.73(grey)  
1.97(yellow) 
7.874 
Melting/boiling 
 point (K) 
1408/4404 1090 (triple point) / 
887 (sublimes) 
1811 / 3134 
Isotopes and 
isomers 
0 stable + 23 
unstables 
1 stable + 24 
unstables 
4 stables  + 22 unstable 
Acid/base of oxide amphoteric weak acid amphoteric 
State (at 300K, 1 
atm.) 
solid solid solid 
Metallic character metal predominantly non-
metal 
Predominantly metal 
Affinity lithophile chalcophile Chalcophile, 
siderophile 
 
Table 2.1 compares the fundamental physical and chemical properties of uranium, arsenic 
and iron.  
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Besides, understanding the fate of uranium in the natural environment under the 
concurrent influence of arsenic and iron requires a closer look at their respective 
occurrence. 
 
2.2.2 Occurrence 
Uranium occurs in highest concentrations of about 3 mg/kg in the upper continental crust 
minerals and rocks (Table 2.2). Therefore, geogenic uranium contaminating groundwater 
systems is attributed to be mobilized mainly among the more than 160 uranium mineral 
species (Smith, 1984; Cejka and Urbanec, 1990). The major mobilization mechanism 
involved is either the oxidative dissolution of low soluble U(IV) bearing minerals or the 
reductive precipitation of low soluble U(VI) minerals. The former includes minerals such 
as the oxide uraninite (UO2), brannerite ((U, Ca, Ce) (Ti, Fe)2O6)) and the silicate 
coffinite (USiO4). The latter comprises major minerals such as the oxides schoepite 
(UO2)8O2(OH)12·12(H2O), the vanadates carnotite (K2(UO2)2(VO4)2.3H2O and others 
silicates, phosphates and arsenates. The uranium-arsenates form an abundant group 
comprising minerals such as abernathyite K[UO2]AsO4.3H2O, Arsenuranylite 
Ca[(UO2)2(AsO4)(OH)2]2.6H20, Heinrichite Ba[UO2(AsO4)]2.10-12H2O, Kalherite 
[UO2(AsO4)]2.12H2O and Zeunerite Cu(UO2)2(AsO4)2.12H2O.  
The uranium-arsenates group results from the combination of arsenic acid H3AsO4 from 
the oxidation of metal arsenates and uranyl complexes. The importance of this uranium 
arsenates group may be most apparent where uranium and arsenic occur in natural 
associations.  Such arsenic rich formations include Cu-V-U-Ag-As in Cu sandstone 
deposits, U-Cu-Ag-Co-V-Ni-As-Au-Mo-Se-Bi in vein type deposits, U-Cu-Ag-Co-Ni-
As-V-Se-Mo-Au in unconformity vein type U deposits and in some phosphate deposits 
(Reimann and de Caritat, 1998).  
Arsenic occurs in the upper crust with about 2 mg/Kg (table 2.2) and is known to form 
about 245 minerals of various groups including arsenates, sulfohalides, arsenides, 
sulphides, arsenites, silicates and oxides (Onishi, 1969; Rude, 1996). Typical arsenic 
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bearing minerals are also iron minerals and include arsenopyrite ([Fe(AS,S)2], scorodite 
(FeAsO4.2H2O) and loellingite (FeAs2). 
 
Table 2.2: Contrasting uranium, arsenic and iron respective concentrations in the main 
parts of the continental crust and rocks (compiled from Reimann and de Caritat, 1998). 
Crust/Rocks Uranium (mg/Kg) Arsenic (mg/Kg) Iron (mg/Kg) 
Bulk continental 
crust 1.7 / 2.7 / 0.91 1.7 / 1.8 / 1 
43,200 / 56,300 / 
70,700 
Upper continental 
crust 2.5 / 2.8 2 / 1.5 30,890 / 35,000 
Ultramafic rock 0.02 0.7 94,000 
Ocean ridge basalt 0.1 1 71,000 
Gabbro, basalt 0.5 0.7 86,000 
Granite, 
granodiorite 4 3 20,000 
Sandstone 1.3 0.5 10,000 
Greywacke 2 - 41,265 
Shale, Schist 3.2 13 55,000 
Limestone 1 1.5 5,000 
Coal 2 10 10,000 
 
Iron is one of the most abundant element in the earth crust with over 30,000 mg/Kg in the 
upper continental crust where it mainly occurs in iron silicates and aluminosilicates such 
as such as olivine, pyroxene, amphibole mineral groups and biotite (Deer et al. 1992). 
Other iron common minerals include hematite (Fe203), pyrite (FeS2) and magnetite 
(FeO.Fe2O3).  
 
2.2.3 Toxicity and Health Hazards 
Uranium is generally considered chemotoxic, radiotoxic and carcinogenic whereas 
arsenic is a notorious chemotoxic and teratogenic (Reimann and de Caritat, 1998).  Iron, 
however, is only toxic to humans when drinking water for example titrate concentrations 
above 200 mg/L. Iron is very essential to all organisms. For example, it is an iron atom in 
hemoglobin that is responsible for carrying oxygen around the blood stream. While 
uranium is characterized as non-essential to living organisms, arsenic however may be 
necessary as ultra trace element for some organisms including humans (Reimann and de 
Caritat, 1998), red algae, chickens, rats, goats, and pigs. A deficiency in arsenic may in 
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some cases result in an inhibited growth. Worth mentioning, however, in one hand 
organic arsenic compounds (arsenilic acid, 4-nitrophenylarsonic acid, 3-nitro-4-
hydroxyphenylarsenic acid, and arsenobenzene) administered to pigs and poultry is 
reported to simulate their growth (Underwood, 1971). In the other, some reports claim on 
harmful effects on animals such as sheep and cattle feeding on orchards sprayed with 
arsenicals (Case, 1974). Selby and others (1974) even reported on the death of cattle that 
used to graze on pastures grown on highly contaminated arsenic soil. 
 
Moreover, Meinrath et al. (2003) on a study broadly based on the prevalence of uranium 
related health effects in the heavily uranium mining and populated region of Saxony 
(Germany) suggested that the chemical toxicity of uranium should be of much concern 
rather than its radioactivity.  These authors explained the rather unexpected low 
prevalence of uranium related diseases in Saxony on the fact that the human body has 
efficient uranium targeted clearing system. It stems from the fact that for an average  
daily intake of about 1.5 μg uranium from food and drinking water (Dang et al. , 1995), 
more than 90% is excreted within at least 24 hours (Priest, 2001). The small residual 
quantity remains in the human body where it targets mainly the kidney. 
 
Unlike uranium, arsenic harmful effect to human‘s health is dependent upon its 
speciation. In fact arsenic toxicity is commonly ranked in decreasing order as: volatile 
arsenic compounds < dissolved organic trivalent < inorganic pentavalent and organic 
pentavalent < elemental arsenic and arsenosugars. However, as noted recently by 
Stollenwerk (2003) quoting a recent study by the National Research Council (1999), the 
ingestion of arsenic as either arsenite [As(III)] or arsenate [ As(V)] can result in a similar 
harmful toxicological effects to humans because As(V) can be reduced to As(III). Inside 
the human body, arsenic targets mainly liver and kidney with carcinogenic effects that 
may be inhibited by selenium (Reimann and de Caritat, 1998). 
 
2.2.4 Aquatic Chemistry 
2.2.4.1 Uranium 
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The environmental chemistry of uranium is complex and dominated by the dioxo cation 
uranyl UO2
2+
.  
 
Figure 2.1: Eh-pH diagram of uranium in the system U-Fe-H20-CO2. (Noubactep et al., 
2003)  
Among its many oxidation states, U(VI) and U(IV) are the only stable in aqueous 
environment. U(II) and U(III) in particular can reduce hydrogen from water (Krauskopf, 
1979). 
 
U(VI) is the most mobile whereas U(IV) is exceptionally insoluble. The solubility of U 
(VI) is approximately 10
4
 times greater than that of U(IV). The wide variation between U 
(VI) and U(IV) solubility is the determining factor governing the fate and transport of 
uranium in aqueous environment (Meinrath, 1998).  According to Murphy and Shock 
(1999), the master parameters redox potential Eh and pH as well as the concentrations of 
dissolved carbonates constitute the main controls of uranium solubility in aquatic 
systems. 
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Uranium speciation strongly depends on Eh-pH conditions and on ligands present in the 
aqueous system. U(VI) tends to form complexes with a wide variety of anions including 
carbonates, hydroxides, phosphates, fluorides and sulfates. At low groundwater Eh, 
U(IV) and its aqueous complexes mainly hydroxides and fluorides are dominant. In 
oxidized surface and ground waters, U(VI) prevails as UO2
2+
 and its complexes. 
In an exclusive uranium-water system stable species include U
4+
, UOH
3+
, U(OH)4
0
, 
UO2
2+
, UO2H
+
, (UO2)3(OH)5
+
 and (UO2)3(OH)7
-
 (Fetter 1999, Giridhar and Langmuir, 
1991). However, in a standard natural water system where CO2 can be prevalent as 
illustrated in figure 2.1, stable species are exclusively of U(VI) and include UO2CO3
0
 
(aq), UO2(CO3)2
2- 
(Langmuir, 1997) and UO2(CO3)3
4- 
(Grenthe and Lagerman, 1991, 
Meinrath, 1996).  According to Meinrath (1996), UO2(CO3)3
4- 
is the principal carbonated 
complex. Also, in the pH range 4-7 of most soils, hydrolyzed species are dominant. 
Overall, in oxidizing environment, hydrolysis and carbonato complexes are the prevalent 
species of U(VI) in natural groundwaters with increasing carbonate concentrations. The 
sulfates are quite prevalent in water bodies impacted by sulfur rich ores. In addition, 
organic ligands can influence uranium speciation in natural environment. Ligands such as 
carboxyl groups from humic and fulvic acids can form strong complexes with uranium 
Lenhart et al. (2000).  
In arsenic rich acid water bodies impacted with uranium presence, interactions of 
uranium and arsenic aquo complexes can result in the formation of uranyl arsenate 
complexes which can enormously influence both uranium and arsenic fate.  
Rutsch et al.(1999) used time-resolved laser induced fluorescence spectroscopy to 
identify UO2H2AsO4
+
, UO2(HAsO4)(aq) and UO2(H2AsO4)(aq) in 0.1 M NaClO4 solution 
spiked with 5.10
-6
 M uranium and 5.10
-6
 to 10
-2
 M arsenic at an experimental pH range of 
1.5 to 3.5. 
 
 2.2.4.2 Arsenic 
Arsenic rarely occurs in natural environment in its metallic state. In very reducing 
conditions arsenic occurs in its oxidation state -3. In most groundwater, arsenic mostly 
occurs as arsenate As(V) and arsenite As(III) which form pH dependent protonated 
oxyanions (Stollenwerk, 2003). As it can be inferred from figure 2.2, in the pH ranges of 
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[2.2- 6.9] and [6.9 – 11.5], As(V) predominantly occurs in the respective species H2AsO4
-
 
and H2AsO2
-
  whereas As(III) is predominant in the forms of H3AsO
0
 up to pH 3 and 
H2AsO3
-
 for the pH range 9.2-12 (Ferguson and Gavis 1972).  
 
 
Figure 2.2: Eh-pH diagram of the system As-Fe-S-H2O (Zhu and Merkel, 2001) 
 
In addition, both arsenate and arsenite may also form common methylated species that 
include methylarsonic acid [CH3AsO(OH)2
0
], dimethylarsinic acid [(CH3)2AsO(OH)
0
], 
methylarsonous acid [CH3As(OH)2
0
] and dimethylarsinous acid [(CH3)2AsOH
0
] 
(National Research Council, 1999). 
 
2.2.4.3 Iron 
 
Iron species are very relevant and control most environmental and biological processes. 
Their occurrence in natural waters is largely the result of the chemical weathering of iron 
rich minerals of igneous and metamorphic rocks. Dissolved Fe(II) is the dominant species 
under reducing conditions whereas in oxidizing conditions Fe(III) oxyhydroxide 
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particulates predominate (Langmuir 1977). In detail, the mobility of dissolved iron 
species in natural waters is pH dependent as it can be inferred from the reaction: 
  HsOHFeOHFe 3)()(3 32
3  
Langmuir (1977) argues that in oxidizing conditions, dissolved iron in surface waters 
occurs as mobile Fe(III) and Fe(III) inorganic complexes below pH about 3 to 4. For the 
pH range around 3 to 8, Fe(III) occurs as colloidal ferric oxyhydroxides whereas for the 
pH about 3 to 6, Fe(III) is mobile as ferric-organic or humic-fulvic complexes. In 
reducing conditions, the chief dominant species Fe(II) occurs as free ion below about pH 
7 to 8. This uncomplexed occurrence of Fe(II) can drastically change in anaerobic 
conditions prone to sulfate reduction whereby Fe(II) can precipitate as sulfides. Despite 
the absence of dissolved Fe(III) in natural waters for the pH range between 5 to 10, 
suspensions of Fe (III) oxyhydroxides are reported to occur at theses conditions. 
 
2.2.5 Sorption and Transport 
Among chemical transfer processes controlling transport of any solute compound in 
subsurface, sorption is considered the most important (Stumm et al, 1976).  
2.2.5.1 Uranium  
Sorption of U(VI) onto mineral surfaces has the tendency to increase with increasing pH, 
(up to a pH=7). This process however, is reversible when pH decreases. 
Moreover, groundwater composition and solid phase mineralogy plays an important role 
in the reduction, adsorption and precipitation of U(VI) (Heron et al 1994). Sediment 
Containing sulfate, organic matter and/or ferrous ion bearing minerals are prone to 
reduction of U(VI) to U(IV) and precipitation of UO2 (uraninite) by relevant redox 
reactions involving sulfur and iron ions, which are common in groundwater. Competing 
reactions occurring between U(VI), ligands, mineral surfaces and bacteria also plays an 
important role in adsorption and precipitation reactions. Mineral surfaces and Bacteria 
can enhance the reduction processes.  
 
2.2.5.2 Arsenic  
The Hydrogeochemical, Geomicrobiological and Environmental Framework 
33 
 
In his review of the relevant literature on the geochemical processes governing the 
transport of arsenic in groundwater, Stollenwerk (2003) outlines arsenic adsorption 
characteristics: 
o metal oxyhydroxides and clay minerals may be the main control of arsenic 
transport in groundwater; 
o arsenic adsorption is dependent of the sorbent surface properties, its total 
concentration and its speciation, competing ions and more importantly pH which 
control the extent of its adsorption and desorption; 
o arsenates adsorption decrease with increasing pH over natural groundwater pH 
range of 4 to 9 whereas arsenites adsorption increases with pH but at a much 
wider pH range with a maximum around pH 8-9; 
o anions compete with arsenic for surface chemical binding sites whereas cations 
enhance arsenic adsorption through increase of a solid surface charge; 
o arsenic adsorption rate is rapid with more than 90% within a few hours. A  
complete equilibrium may  require several days due to diffusion effect on arsenic 
mass transfer in saturated porous media; 
o at comparable adsorption/desorption conditions, arsenic desorption can be either 
reversible or incomplete; and 
o an addition of a strongly adsorbing solute can enhance arsenic desorption through 
pH alteration.       
On the whole, iron in the subsurface acts as both sorbent and sorbate. Owing to its 
abundance in aquifer settings and use by bacteria in metabolic respiration, both iron and 
bacteria strongly influence the fate and transport of uranium in subsurface. As 
aforementioned, with the continuous advances in computers central processing unit 
capabilities, multi component reactive transport codes such as the 1-dimensional 
PHREEQC (Parkhurst and Appelo, 1999) and the 3-dimensional PHAST (Parkhurst et al., 
2004) can model uranium migration in subsurface taking into account arsenic, iron and 
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bacteria influences. However, to improve modeling prognosis, progress must be achieved 
in the definition of pertinent biogeochemical reactions and kinetics as well as on the 
minimization of chemical thermodynamic related uncertainties, errors and omissions. 
 
2.3 Aspects of the Geomicrobiology of Uranium, Arsenic and Iron 
The increasing interest on the environmental microbe interactions with metals and 
metalloids such as uranium and arsenic contaminating soils, surface water and 
groundwater stems from understanding key aspects of bacteria mitigation capabilities. 
One of the most recent discoveries with a wide environmental significance is the 
coupling of organic matter to the reduction of ferric iron. Considering the omnipresence 
of iron in the earth crust, the dissimilatory reduction of Fe(III) is accredited to play an 
important role in controlling the fate of metal/metalloid contaminants in the subsurface. 
Thus, this section describes relevant aspects of the emerging science of geomicrobiology 
including description of bacterial cell structure and metabolism, bacteria resistance to 
toxic metals and metalloids and on aspects of microbe interactions with uranium, arsenic 
and iron.  
 
2.3.1 Defining Geomicrobiology 
Ehrlich (2002) defines ―geomicrobiology‖ literally ―geological microbiology‖ as a 
science that: 
―examines the role that microbes have played in the past and are 
currently playing in a number of fundamental geological 
processes‖. 
This definition confines geomicrobiology on geological processes such as the weathering 
of rocks, soil and sediment as well as minerals formation and transformation.   
 
In this study, however, geomicrobiology is rather used in its most large and common 
meaning which corresponds to Ehrlich (2002) definition of ―microbial biogeochemistry‖: 
 
―The study of microbially influenced geochemical reactions, 
enzymatically catalyzed or not, and their kinetics. These reactions 
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are often studied in the context of mineral cycles, with emphasis 
on environmental mass transfer and energy flow‖. 
 
Chapelle (2001) prefers ―subsurface microbiology‖ which seems to encompass both 
―geomicrobiology‖ and   ―microbial biogeochemistry‖ definitions of Ehrlich (2002). 
 
 2.3.2 Bacteria Cell Structure 
The environmental microorganisms of the earth are commonly categorized as those 
possessing cellular life-form comprising archaea, bacteria and eucarya versus viruses 
which do not possess cells and rely on a host cell to provide the necessary energy to 
survive.  
 
Figure 2.3: Typical bacteria cell structure (www.singleton-associates.org)  
 
The lineage of bacteria also referred as prokaryotes due to their ―primitive nucleus‖ or 
lack of a true nucleus includes ―bacteria stricto sensu‖ and cyanobacteria also called 
―blue-green algae‖. Eucarya posses a true nucleus and include algae, fungi and protozoa. 
Archaea are morphologically similar to bacteria but with a habitat restricted to anaerobic 
environments (Chapelle, 2001). 
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The typical bacterial cell structure as represented in figure 2.3 comprises the cell wall, 
cytoplasm and ribosomes. The necessary information for metabolism and growth is 
encoded in a single deoxyribonucleic acid (DNA) within the bacterial chromosome. 
Plasmids are non chromosomal small circles DNA carrying coded information for 
enzymes and other proteins in their functions concerning a bacterium survival in its 
environment. Ribosomes are protein assembly structure contained in the cytoplasm. The 
cytoplasmic membrane also termed cell membrane embedded within the cell wall is a 
diffusion sensitive semi permeable layer separating the inside and the outside of the cell.  
 
The typical bacteria cell wall is constituted of a three-dimensional substance made mainly 
of a repeating sequences of N-acetylglucosamine (sugar) and N-acetylmuramic acid 
(amino acids). The bacteria cell wall comprises two types. The gram positive cell wall 
such as that of Bacillus subtilus consists of linear polymers of peptidoglycan rich in 
carboxylate covering it. This thick peptidoglycan retains the crystal violet pigment in 
Gram‘s stain unlike the gram negative which loses the pigmentation when washed with 
ethyl alcohol. The gram negative cell wall consists of a thinner peptidoglycan layer 
covered with a layer of phospholipids and lipoproteins. A periplasmic space, absent in 
gram positive cell walls, separates the cell membrane and the peptidoglycan layer. (Fortin 
et al., 1997; Chapelle, 2001). In addition, in the gram positive bacteria cell wall, 
secondary polymers attached to the peptidoglycan framework are responsible for the 
increased electronegative charge density of the wall in particular with the addition of 
further carboxyl or phosphoryl groups. The high negative charge density at the gram 
negative surfaces is attributed to the anionic lipopolysacharide at the outer membrane of 
the cell wall. In natural environment, a capsule is one of the most common additional 
layers found on top of both gram positive and gram negative bacteria cell walls. A 
capsule is a loose, fibrillar, relatively thick (26-1000nm) amorphous and hydrated matrix 
consisting of acidic mucopolysacharides or acidic polypeptides (Fortin et al., 1997). 
 
In general, with their small volume (1.5 to 2.5 µm
3
), their highest surface area to volume 
ratio of any life form, the strong electronegativity of their cell walls make bacteria 
surfaces highly interactive with the environment in  particular for the sorption of metal 
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ion contaminants (Fortin et al., 1997). Precipitation in particular can also be induced 
through bacteria capability to pump out ions and influence the surrounding medium pH 
(Fortin et al., 1997). Common functional groups found in both gram positive and negative 
bacterial cell walls include hydroxyl, carboxyl, phosphoryl, and amide groups which can 
react with dissolved ions to form surface complexes. Beveridge (1989) has claimed that 
these complexes can in turn function as nucleation sites towards the formation through 
precipitation mechanism of relevant minerals. Furthermore, Jiang et al. (2004) provide 
direct evidence that the negative charge of bacterial surfaces is derived from the 
deprotonation of both carboxylates and phosphates.  These authors further argue that the 
variation in the solution pH has only a minor effect on the secondary structure of the cell 
wall proteins. The cell surface functional group chemistry is altered neither by the growth 
phase nor by the growth medium of bacteria.  Thus, concludes Fortin et al. (1997), if the 
deprotonation at bacteria functional groups explains metal-cell wall complexation, then 
equilibrium thermodynamics should be applied in studying sorption phenomena at 
bacteria-metal interface. 
 
2.3.3 Bacteria Metabolism  
Bacteria survive through a series of metabolic chemical reactions that extract energy from 
organic compounds (catabolism), storing them temporarily and using them for growth 
and build up parts such as enzymes, nucleic acid, and polysaccharides; and also for self 
repairs (anabolism). Bacteria energy storing compounds include adenosine triphosphate 
(ATP), guanosine triphosphate (GTP) and acetyl-coenzyme.  
 
The electrons transferred through a series of redox reactions are thought to be physically 
transported in a system comprising hydrogen carriers such as flavoprotein and coenzyme 
Q, and electrons carriers such as cytochromes (commonly designated as a, b, c, and d 
types respectively) and iron –sulfur proteins. Bacteria convert the electric energy 
produced through this electron transport system to chemical energy (ATP) using an other 
complex mechanism called chemiosmosis which set up a osmotic like proton gradient 
between the outside and the inside of the cell membrane.  
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In order to sustain life through hundreds per second metabolic chemical reactions, living 
beings in general rely on protein that enhances those reactions known as enzymes. They 
are commonly classified according to the types of reactions they catalyze. Therefore, 
reductases and oxidases  refer to enzymes that enhance redox reactions whereas lipases 
remove functional groups from organic compounds, hydrolases hydrolyze polymers 
linked by covalent bonds, ligases (polymerases) reverse the hydrolyze reaction by 
combining monomers back into polymers (Chapelle, 2001). To best perform their catalyst 
function, some enzymes require the presence of cofactors such as inorganic ions (iron, 
magnesium and others) and a non protein component known as coenzyme often made of 
vitamins or nucleotides. Such coenzymes include the nicotine adenine nucleotide (NAD) 
which can serve as electron-storing compound by dehydrogenases involved in redox 
reactions. 
 
Bacteria can couple the oxidation of organic matter to the reduction of inorganic 
compounds that can accept electrons in the process referred to as respiration. In natural 
environments such electrons acceptors include oxygen, nitrate, Fe(III), sulfate, CO2, 
manganate, selenate, arsenate and uranyl. The other metabolic function used by bacteria 
in the absence on an electron acceptor is termed fermentation where electrons are 
retained in organic carbon compounds or molecular hydrogen. Thus, there are hundreds 
of known metabolic pathways used by microorganisms to produce and transform energy 
needed to sustain life. The list includes aerobic metabolism using oxygen as electron 
acceptor, lactate and acetate fermentation (e.g. glycolysis leading to pyruvate), 
ferrodoxins (iron-sulfur protein acting as electron carriers) and the production of 
hydrogen and acetate in fermentation, methanogenic pathways, sulfate reduction, Fe(III) 
reduction, and nitrate reduction. Of cardinal importance in hydrogeochemistry are oxygen 
reduction, Fe(III) reduction, sulfate reduction and methanogenis which are carried out 
almost exclusively by enzymatically controlled microbial processes (Chapelle, 2001).  
 
2.3.4 Bacteria resistance to toxic metals and metalloids 
Microorganisms use a number of biochemical mechanisms to survive in an environment 
contaminated with toxic metals and metalloids. Thus, bacteria can: 
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(1) Bind positively charged metal/metalloid ions at anionic sites such as carboxyl 
groups of peptidoglycan of their outer cell layer which blocks the toxin 
movement towards the inner cell and interfere with metabolic functions.  
(2) Biotransform a metal/metalloid appropriate redox reactions and inorganic-
organic conversions from a highly toxic species to a lesser or benign form which 
in turn affect its mobility, reactivity and bioavailability.  
(3) Precipitate metals/metalloids in an insoluble form.    
As also pointed out by (Chapelle, 2001), in procaryotic microorganisms, the resistance 
mechanisms are often plasmids encoded and are induced by metal/metalloid exposure. 
However, factors such as the concentration of the toxin have been shown to have 
important effects on bacterial acclimation on harsh environments.  
 
2.3.5 Interactions of Uranium with microorganisms 
2.3.5.1 Uranium Oxidation  
Microbial mediated oxidation through bacteria such as Thiobacillus ferrooxidans and 
Thiobacillus acidophilus and the subsequent leaching of U(VI) from U(IV) bearing 
minerals has been documented  by DiSpirito and Tuovinen (1981, 1982a, 1982b). T. 
ferrooxidans has been shown to get the necessary energy during the reaction to fix CO2. 
However, its growth using U(IV) alone as energy source still uncertain. Besides, T. 
acidophilus in the other side cannot conserve the energy generated by uranium 
biotransformation for its growth and cell repair.  
 
2.3.5.2 Uranium Reduction  
As previously mentioned, of much interest to uranium contaminated sites professionals is 
microbial enhanced reduction of uranium. The issue is currently an area of great research 
interest owing to the ongoing unfolding of the importance of bacteria as bio-catalyze of 
reactions at mineral-rock interface. For example, Ehrlich et al (2001) reports on an 
extensive review of pertinent literature on the geomicrobiology of uranium and related 
subsurface contamination. Many bacteria strains have been found with capabilities to 
reduce U(VI) to U(IV) either directly (enzymatic-metabolic dependent) or indirectly 
(abiotic reduction of other elements or species) if specific Eh and pH conditions are 
The Hydrogeochemical, Geomicrobiological and Environmental Framework 
40 
 
fulfilled. Yet, as reported by Abdelouas et al. (1998), several authors have claimed that as 
an enzymatically driven reaction, the reduction of U(VI) is consequently independent of 
experimental conditions. Besides, long before the isolation of the dissimilatory iron 
reduction bacteria, Woolfolk and Whitely (1962) have demonstrated under anaerobic 
conditions that, Veillonella (Micrococcus) lactilyticus can reduce UO2
2+
 to UO2 using 
molecular hydrogen H2 as electron donor. Furthermore, Lovley et al (1991), Gorby and 
Lovley (1992), and Lovley and Philips (1992) have shown evidence of metal-reducing 
bacteria (MeRB) capable of reducing U(VI) to U(IV) enzymatically. Lovley et al (1991) 
used Geobacter metallireducens and Shewanella putrefaciens, uranium as unique electron 
acceptor and respectively acetate, formate, lactate and pyruvate as electron donor. This 
study concluded that direct enzymatic reduction of U(VI) to U(IV) and precipitation of 
UO2 kinetics was faster than equivalent abiotic reduction by sulfide. Besides, Lovley and 
Philips (1992), and Lovley et al (1993) also found the same U(VI) to U(IV) reduction 
capabilities in sulfate reducing bacteria (SRB) Desulfovibrio species (D. sulficans, D. 
vulgaris, and D. baculatum). Many other studies such as Francis et al. (1991, 1994) have 
been focusing on bacterial reduction of U(VI) to U(IV) under various conditions. Also, 
Ganesh et al (1997) on a study of the impact of complexation on uranium reduction 
concluded that the reduction rates depended on the types of bacteria and ligands. 
Abdelouas et al (1998) however, pointed out that evidence of microbial reduction of 
uranium given by Lovley et al (1991) has generally been confined to artificial systems 
where a known species of microbial culture has been introduced.  
 
While microbial mediated uranium reduction is well documented; conditions that can 
inhibit this enzymatically driven bio-transformation are still largely unknown (Brooks et 
al.2003). Thus, there is a need for categorization of bacteria strains and-or specific 
bacteria cultures with metabolic capabilities for uranium reduction in a wide range of bio-
hydrogeochemical systems and conditions.  
 
2.3.6 Interactions of Arsenic with microorganisms 
2.3.6.1 Arsenic Oxidation 
The Hydrogeochemical, Geomicrobiological and Environmental Framework 
41 
 
Microbial aerobic or anaerobic respiration involving arsenic greatly influences its 
environmental behavior since its oxidation state as aforementioned controls its toxicity, 
reactivity, bioavailability and mobility. Bacterial oxidation of arsenite to arsenate coupled 
to the reduction of molecular oxygen has been described for a number of microorganisms 
since Green (1918) reported on his bacillus arsenooxydans. Turner (1949, 1954) isolated 
15 arsenite oxidizing strains of bacteria attributed to the genera Pseudomonas, 
Xanthomonas, and achromobacter. Osborne (1973) and, Phillips and Taylor (1976) 
reported on strains of Alcaligenes faecalis capable of oxidizing arsenite to arsenate at the 
late exponential phase or stationary phase of growth. Santini et al. (2000) isolated from 
an Australian gold mine two strains of arsenite oxidizers belonging to the Agrobacterium 
Rhizobium branch of the α-probacteria.  
 
2.3.6.2 Arsenic Reduction 
 
 
Figure 2.4: Possible interactions paths of arsenic compounds with bacteria (a) and fungi 
(b). Microbial catalyzed oxidation of methylated arsine suggested by Cheng and Focht 
(1979) is not indicated. 
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Many microorganisms with the capability to generate energy by linking the oxidation of 
organic matter or molecular hydrogen to the reduction of inorganic arsenate to arsenite 
have been discovered over the last decades. 
 
Ehrlich (2002) reviewed relevant studies and listed arsenate-respiring bacteria and archae 
including Bacillus arsenicoselenats, Bacillus selenitireducens, Chrysiogens arsenatis, 
Desulfomicrobium strain Ben-Rb, Desulfotomaculum auripigmentum, Pyrobaculum 
aerophilum, Pyrobaculum arsenaticum, Sulfurospirillum arsenophilum and 
Sulfurospirillum  barnessi.  
 
Despite its toxicity to cells either by altering ATP production or disabling enzymatic 
activity; still many microorganisms have developed genetically determined resistance 
strategies to interact with arsenic that include out of the cell pumping mechanism and 
biotransformation of species as aforementioned and illustrated in figure 2.4 (Erhlich, 
2002).  
 
2.3.7 Interactions of Iron with microorganisms 
2.3.7.1 Iron Oxidation 
As previously mentioned, almost all living organisms whether prokaryotic, eukaryotic, 
single-celled or multi-cellular, except homolactic fermenting bacteria consisting of the 
lactic streptococci, require iron as a key nutritional ingredient to fulfill their metabolic 
needs in some enzymatic processes (Ehrlich, 2002). Iron is also used by some bacteria as 
a major source of energy from redox reactions whereby it is involved either as electron 
donor in its ferrous form or as electron acceptor in its ferric form.   
 
Microbial mediated oxidation of iron can be achieved enzymatically. The list of bacteria 
having such capabilities includes Thiobacillus ferrooxidans, Leptospirillum ferrooxidans, 
Sulfolobus spp., Acidianus brierleyi, and Silfobacillus thermosulfidooxidans.  Microbial 
driven indirect or non-enzymatic oxidation of iron is achieved when their metabolic 
activity adjust the system Eh and pH to favor auto-oxidation.  
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2.3.7.2 Iron Reduction  
Microbial mediated reduction of Fe (III) coupled to the oxidation of organic matter is one 
of the most significant processes controlling groundwater quality owing to both Fe(III) 
and microbes ubiquity in the subsurface (Lovley, 1993; Chapelle, 2001). Besides, 
bacteria such as Geobacter metallireducens and Shewanella putrefaciens have been 
described with the enzymatic capability to couple the oxidation of organic matter such as 
acetate and several monoaromatic compounds to the reduction of Fe(III): 
 
  HIIFeHCOOHIIIFeCOOCH 9)(824)(8 323  
In addition to Fe(III), Geobacter metallireducens and Shewanella putrefaciens can use 
various metals/metalloids including uranium and arsenic as alternative electrons 
acceptors and hence conserve energy for growth support involving organic matter as 
electron donors or molecular hydrogen through typical reactions (Lovley et al. 1992, 
Lovley 1995): 
 
  HHCOUOHUCOOCH 92444 3
4
2
6
3   
  HUUH 2462  
A model of the dissimilatory Fe(III) reduction as carried out by Geobacter 
Metallireducens involves iron reductase bound at the cell membrane which transfer 
electrons to solid Fe(III) outside of the cell with  NAD and c type cytochromes acting as 
electron carriers. During the process, NAD
+
 is ultimately reduced to NADH in the 
tricarboxylic acid cycle.  
 
The reduction of ferric iron to ferrous iron can also be achieved non-enzymatically 
through reduction byproducts of microbial metabolism such as H2S or formate (Ehrlich, 
2002). 
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On the whole, iron interaction with microbes through both oxidation and reduction 
reactions play an important role in iron natural cycle and hence in the subsurface water 
quality by regulating the fate of dissolved contaminants and their subsequent remediation.  
 
2.4 Remediation Technologies for Uranium and Arsenic in Subsurface 
 
Uranium and arsenic contamination of soils and groundwater has been such a major 
environmental concern that many remediation technologies have been developed and 
other are under way to supplement the conventional pump and treat, and dig, haul/treat 
and dump in a dedicated engineered waste repository. In Germany for instance, the 
WISMUT Corporation uses mainly the dig, haul/treat and dump as a part of a multi-
billion of euros project to clean up gigantic uranium contaminated sites in the eastern part 
of the country. Besides, many passive remediation technologies to mitigate uranium and 
arsenic in subsurface have been developed over the last decades. These technologies 
include permeable reactive barrier (PRB) with elemental iron fillings, bioremediation, 
phytoremediation and in situ redox manipulations (ISRM). This review concentrates on 
principles of PRB, iron corrosion, the state of the art on uranium and arsenic removal by 
elemental iron and on aspects of bio-remediation.  
 
2.4. 1 Permeable Reactive Barrier 
 
A permeable reactive barrier, as illustrated in figure 2.5, is a trench oriented across the 
flow path and filled with a reactive material with relevant chemical or both  chemical and 
biological properties designed to degrade or transform the contaminant concentration, 
speciation and eventually mobility to acceptable regulatory environmental levels.  
The concept is very recent with early research in the late 1980‘s and early 1990‘s with 
pioneering benchmark studies that include Gihlam and Hanneson (1994) on the 
degradation of halogenated aliphatics by zero valent iron (ZVI), and  Sivavec et al. 
(1995) on reductive dechlorination of chlorinated ethenes by iron metal. 
 
Unlike the pump and treat, a PRB do require neither pumping groundwater nor an above 
ground treatment unit. It is a barrier to the contaminants of interest but permeable to 
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water. A PRB‘s operating life spans over several years or decades since the degradation 
rate of the reactive material is often slow. However, the reactive material may 
periodically be revitalized depending on its longevity and the scope of the project. In 
general, a well designed and implemented PRB is a cost effective remediation 
technology.  
 
 
Figure 2.5: The concept of a permeable reactive barrier as groundwater passive 
remediation technology (a) and the basic design configurations (b, c and d) (Gavaskar, 
1999) 
 
Two main design configurations are routinely used in full scale implementation of a PRB 
(Gavaskar, 1999): 
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(1) A continuous reactive barrier (figure 2.5b) is a continuous trench backfilled with 
the reactive medium across the natural flow gradient. This design configuration is 
much easier to construct than a funnel and gate. 
(2) A funnel and gate (figure 2.5c) consists of an impervious section referred to as 
―funnel‖ diverting the influent groundwater flow toward the pervious section 
referred to as ―gate‖  
 
Although the principle underlying the concept of a PRB is straightforward, its full-scale 
implementation is not. The design process alone comprises the following steps 
(Gavaskar, 1999):  
o site suitability for PRB construction; 
o site characteristics which may affect PRB design and functioning; 
o reaction rates or half-lives; 
o location, configuration and dimensioning of the barrier; 
o PRB longevity; 
o PRB monitoring strategy; and 
o the overall cost 
 
The success of a PRB depends on the reactive medium chemical or/and biological 
properties suitability to treat the contaminated groundwater. Zero valent iron, mainly 
granular, is the most widely used filling material of a PRB either in a continuous trench 
or in a funnel and gate configuration.  
  
2.4.1.1 Iron Corrosion  
 
Corrosion is commonly defined as an electrochemical process affecting mainly metals 
subsequent to their interactions with the surrounding environment. This deterioration or 
rusting of the metal requires an anode, a cathode, an electrolyte and an electrochemical 
circuit allowing the circulation of electrons gained or lost during the governing redox 
reactions interplay.  
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Iron corrosion in atmospheric or aqueous system under oxic conditions is well known and 
involves two major half redox reactions leading to the oxidative dissolution of elemental 
iron in the anode (equation 2.19) and the subsequent reduction of molecular oxygen in 
the cathode (equation 2.20).  
In aerobic conditions of natural water systems, dissolved oxygen is the most used 
electron acceptor rather than molecular hydrogen H2. 
 
                  
  eFeFe 422 2                                                                            (2.19) 
        
  OHeOHO 442 22                                                    (2.20)                                         
  OHFeOHOFe 4222 222                                                        (2.21) 
Besides, in oxic environment, the ferrous iron Fe
2+
 is unstable and generally proceeds to 
further oxidation to ferric iron Fe
3+
 which in turn may precipitate due to higher pH 
generated by elemental iron surface. This coating can ultimately impact iron surface‘s 
redox properties and reactions rates necessary for the abiotic reduction of aqueous ions 
such as uranyl and arsenates. 
 
 
                             
Figure 2.6: An electrochemical model of hydrogen consuming sulfate reducing bacteria 
(SRB) which can mediate anaerobic corrosion of a metal using elemental sulfur as 
electron acceptor (Cord-Ruwisch, 2000). Four different corrosion pathways are 
portrayed: cathodic depolarization (1), anodic depolarization by Fe
2+
 removal (2), 
stimulation by the formation of an iron sulfide layer (3) and supply of protons to the 
cathode (4). 
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Furthermore, microorganisms play a role in metals corrosion. In aerobic conditions the 
role of bacteria in metals corrosion is not unequivocal. Studies by Morales et al. (1993) 
and Parra et al. (1996) for instance have demonstrated that many bacteria such as 
pseudomonas aeruginosa have capabilities to stimulate metals corrosion. Hernandez et al. 
(1994) and Eashwar et al. (1995) on the contrary have documented evidence of bacteria 
inhibition of metals corrosion. In general as pointed out by Cord-Ruwisch (2000), under 
aerobic conditions, bacterial biofilms on metal surface generate differential aeration on 
localized spots leading to separate cathodic and anodic areas necessary for electrons flow 
and ultimately to metal dissolution. 
 
In anaerobic environment, Lee et al. (1995) have reported that microbial activity in 
particular when generated by sulfate reduction bacteria can corrode iron at higher rates 
compared to oxygen action alone. In these anoxic environments, protons are the constant 
alternative electrons acceptors. As aforementioned, corrosion theory in anaerobic 
conditions suggests that the negatively charged surfaces generated by the dissolution of 
trace metallic iron as Fe
2+
 can reduce protons from the dissociation of water. This process 
eventually leads to the formation of a protective film of adsorbed hydrogen which is 
believed to prevent further metal dissolution. However, according to the cathodic bacteria 
mediated depolarization theory (Kuehr and Van der Vlugt, 1934), strictly anaerobic 
sulfate reducing bacteria (SRB) of the genus Desulfovibrio are hydrogen scavengers. 
They have capabilities to oxidize hydrogen and hence catalyze the subsequent cathodic 
reaction. Yet, as suggested by Cord-Ruwisch ( 2000), there is no conclusive evidence that  
SRB mediated cathodic depolarization is the major mechanism of the microbially 
enhanced corrosion since SRB may stimulate corrosion in many other ways (figure 2.6). 
 
2.4.1.2 Mitigation of uranium and arsenic by Elemental iron 
 
Among the many passive technologies developed to remove inorganic contaminants in 
natural waters, reactive barrier filled with metallic iron is seen by many as the most 
promising. As an in situ fixation technique, a reactive barrier filled with metallic iron has 
the potential to remove metals from waters and stabilize them in soils (Ma et al. 1993, 
Blow et al. 2000; Cantrell et al. 1995) as well as the removal of organic contaminants 
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from grounwaters (Matheson and Tratyek, 1994; Helland et bal. 1995; Vogan et al. 
1999). As outlined above, this approach to metals immobilization, however, has a major 
drawback: the probability of the fixed metal going back into solution. Thus, two factors 
are worth of consideration (Sing et al. 2001): (1) the system must be effective under a 
variety of existing geochemical conditions and (2) immobilized metals should be stable 
and remain non-leachable under varying environmental conditions. 
 
Generally, the minimization of metals mobility and their transfer from solutions to solid 
surfaces involve a wide range of physical and bio-geochemical processes. For uranium 
immobilization by zero valent iron, there is to date no consensus on the responsible 
mechanism (Noubactep et al. 2003, 2006). Mechanisms most taught to control the 
process are reductive precipitation, adsorption or the combination of both. Reduction of 
U(VI) followed by precipitation of solid compounds such as UO2 is claimed by most 
authors as the main mechanism controlling the fixation of uranium by Fe
0
 (Gu et al. 
1998; Abdelouas et al. 1999). Others argue that adsorption of uranium onto the surfaces 
of iron corrosion products is the main immobilization mechanism (Bostick et al. 1996; 
Fiedor et al. 1998) while Noubactep et al. (2003, 2006) favours a co-precipitation 
mechanism of uranium with aging iron corrosion products 
 
Arsenic behaviour in contact with metallic iron and corrosion products is also of much 
debate. Some authors reported the co-precipitation hypothesis of the reduced As(III) from 
As(V) by zero valent iron as the main mechanism of arsenic removal from groundwater 
(McRae et al. 1999) whilst for others adsorption of both As(V) and As(III) onto iron 
corrosion products or other pre-existent oxy-hydroxides is the mechanism of arsenic 
removal in ground water, at least in near neutral to alkaline conditions (Mallants et al. 
2002).  
 
2.4.2 Bioremediation 
 
2.4.2.1 Principle 
 
The Hydrogeochemical, Geomicrobiological and Environmental Framework 
50 
 
Bioremediation is a generic term which stands for using micro-organisms to mitigate 
contaminated soils and water to regulatory or natural conditions. This definition excludes 
plants interactions with contaminants referred to as phytoremediation. The term 
bioremediation and associated technologies are commonly used interchangeably in the 
environmental industry to refer to bacteria mediated in situ or ex situ degradation of 
organic contaminants such as hydrocarbons and the bio-immobilization/transformation of 
inorganic contaminants in the subsurface.  
 
 
Figure 2.7: Summary of major mechanisms of radionuclide-microbe interactions (Lyod 
and Macaskie, 2000)  
 
Although cost effective and efficient in most cases, in situ bioremediation is seen by its 
critics as slow and time consuming compared to the conventional pump and treat and 
other active remediation technologies  
 
Overall, bio-remediation has recently been much more appealing to mitigate metals and 
metalloids contaminated sites owing to recent progress in uncovering bacteria with 
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capabilities to bio-transform these inorganic contaminants to their benign and/or less 
mobile forms.  
2.4.2.2 Bioremediation of Uranium and Arsenic in the Subsurface 
 
Metals and metalloids interact with microbes through a variety of mechanisms which 
may include biotransformation, biosorption, bio-accumulation, bio-mineralization, and 
microbially enhanced chemisorption (figure 2.7). These mechanisms are the basis of 
bioremediation related strategies. 
 
However, despite recent progress in uncovering bacteria with required reductases for 
uranium and arsenic mitigation in the subsurface, yet real world bioremediation related 
application still at its infancy. Much more progress is needed in a variety of directions 
including inhibitory effects on dissimilatory uranium and arsenic reduction or on 
coupling elemental iron based PRB with bacteria mediated dissimilatory uranium and 
arsenic reduction. 
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Chapter 3 
 
                              Materials and Methods 
 
This laboratory approach was motivated by current limitations of geochemical models 
related to thermodynamic database uncertainties, lack and/or reliability of data 
particularly for most arsenic species. Otherwise, a geochemical modeling approach based 
on reliable thermodynamic database would have been the sole investigating method 
owing to the challenge of manipulating the highly toxic cocktail of uranium and arsenic 
in the laboratory, the time and cost involved. Despite its current weaknesses, geochemical 
modeling still an important conceptual and analysis tool in support of conventional 
laboratory or field based experiments at all stages of an investigation.  Besides, 
understanding sorption mechanisms of uranium in subsurface in the presence of arsenic is 
an open ended endeavor. It requires a thorough comprehension of the myriad of factors 
with potential influence on the system. However, a well designed laboratory experiment 
by essence can cost effectively allow the partial or total control of some of those 
influential factors. Thus, an integrated bio- geochemical laboratory experiments and 
modeling approach was adopted. Batch and column experiments were carried out using a 
variety of sorbents and solutions in an apparent attempt to closely simulate natural 
conditions. To this end, batch reactors for instance were not shaken. Furthermore, 
synchrotron based x-ray absorption fine structure (XAFS) spectroscopy experiments were 
conducted for selected abiotic and biotic samples. These XAFS experiments were aimed 
at uncovering the speciation of the sorbed uranium and arsenic as well as their 
coordination chemistry. 
 
3.1 Batch and Column Experiments 
Batch and column experiments evolved around the influence and role of a variety of 
geochemical parameters on the sorption and fate of uranium onto saturated porous media 
in the presence of arsenic. These factors include natural or synthetic groundwater 
composition in mono-component uranium or bi-component uranium and arsenic, the 
effect of selected complexing ligands, pH, mono and bi-valent  competing metals, ionic 
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strength of a background electrolyte, and the type and reactivity of the solid medium 
whether inorganic or a bacterium strain. 
 
3.1.1 Materials 
3.1.1.1 Reagents 
The major chemicals and reagents used throughout this study were of analytical grade 
and include uranyl nitrate 6-hydrate UO2(NO3)2.6H20 (Chemapol, Germany) and sodium 
arsenate Na2HAsO4.7H20 (Baker, Germany). Additional reagents include Arsenazo III 
(1,8-dihydroxynaphtalene-3,6-disulphonic acid-2,7-bis[(azo2)-phenylarsonic acid)] 
(Riedel –de –Häen, Germany) used as 0.15% (mass/volume) in an aqueous solution, 200 
mg of high purity granules (Fluka, Germany), ascorbic  acid (Chemapol, Germany),  
oxalic acid (Chemapol, Germany) and 37% chloridric acid (Baker, Germany), potassium 
chloride (Merk, Germany) and sodium nitrate from (Merk,  Germany). 
The reagents used for the resuscitation and growth of the bacterium Shewanella 
putrefaciens strain 6067 from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH (DSMZ) of Germany include yeast extract (Roth, Germany), Peptone 
(VEB Berlin Chemie, Germany) and NaCl (Riedel-de-Haen, Germany). 
Water used as solvent for the experiments conducted at the Wasserchemie Labor of the 
Technische Universität Bergakademie Freiberg was doubled distilled and deionised water 
with an electrical conductivity of 0.056µs/Cm. A similar water was used for experiments 
conducted at the Laboratoire de Chimie Agro-Industrielle of the Ecole Nationale 
Supérieure des Ingénieurs en Arts Chimiques et Technologiques (ENSIACET) using a 
Milli-Q water purification system (Millipore, France). Classic wet chemistry laboratory 
glassware including bakers, Erlenmeyer flasks, burets, funnels, graduated cylinders, 
volumetric flasks, capped test tubes, droppers, glass pipettes and Eppendorf pipettes of a 
wide range of volume from 10μL to 10 mL were used throughout. 
 
3.1.1.2 Groundwater Simulants 
Two main types of groundwater simulants were used throughout. A background 
electrolyte solution was used in most experiments whereas a natural groundwater from 
the Schneckenstein uranium tailings (Saxony, Germany) was mainly used in an 
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experiment aimed at assessing uranium and arsenic removal potential by scrap metallic 
iron. In addition, a simple distilled water of 3µs/Cm was used in the combined column 
leaching uranium tailings and sorption experiment. The eventual addition of uranium 
alone or both uranium and arsenic into the background electrolyte or the natural 
groundwater experimental solutions was achieved through the conventional serial 
dilutions from stock solutions. A typical 250ml of a 1mg/L stock solution of uranium for 
instance was prepared as U(6) from UO2(NO3)2.6H20. Thus, given the gram formula 
weight (gfw) of UO2(NO3)2.6H20 as 502.1506g, it follows that its contents 
in %41.474741.0
1506.502
0508.238
)6( U . Thus, the amount of the required uranyl nitrate 
salt for the background electrolyte solution was weighed using a high precision Mettler 
balance and derived as mgg
g
3.5275273.0
4741.0*4
1
 . Similarly for the preparation of 
arsenic stock solution, as As(5) accounts for only 24.01% in Na2HAsO4.7H20, 1041.2mg 
of this salt was weighed to make up the 250 ml solution of 1g/L as As(5). The solutions 
were eventually acidified to pH≤2 using high purity nitric acid. 
 
3.1.1.2.1 Background electrolyte solutions 
The background electrolyte solutions at concentration of 0.01 M used in most batch and 
column experiments were mainly prepared from Potassium chloride KCl, sodium 
chloride NaCl or sodium nitrate NaNO3 salts from Merk (Germany). KCl and NaCl were 
chosen due to the theoretically accepted conservative behavior of Cl
-
 and the anticipated 
non competitive behavior of either K
+
 or Na
+
 with respect to uranium. The hypothesis on 
Cl
-
 conservative behavior was later revised as it appeared in contradiction with some 
laboratory observations. Thus, NaNO3 was used as alternative in particular for 
experiments conducted in trace concentrations of uranium alone or both uranium and 
arsenic, and for samples selected for XAFS experiments. 
Furthermore, Cl
-
 salts of respectively K
+
, Na
+
, Ca
+2
, Ba
+
 and Mg
+2
 were used to assess 
the effects of selected cations whereas K
+
 salts of Cl
-
, NO3
-
, CO3
-2
, SO4
-2
 and PO4
-3
 were 
used to study the effect of inorganic complexing ligands on uranium sorption.  
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As aforementioned, the background electrolyte solutions were spiked with either uranium 
alone or both uranium and arsenic using aliquot from stock solutions to achieve a desired 
concentration trough serial dilutions. The final experimental solution was eventually pH 
adjusted to 4.5 prior to the actual experiment. 
 
3.1.1.2.2 Natural Groundwater Solutions 
The aquifer underlying the Schneckenstein Uranium Tailings (Saxony, Germany) was 
sampled from seeping groundwater at a point source located at the toe of the main 
retaining dam. This leachate referred to as S1 originally contained in mg/L 7.5 Cl
-
, 3.6 
NO3
-
,210 SO4
-
, 1.4 F
-
, 47 Na
+
, 2.4 K
+
, 45 Ca
2+
, 13.4 Mg
2+
, 0.05 Fe, 0.035 Mn, 0.09 Cu, 
0.006 As, and 0.691 U. 
A second sample (S2) was collected from the groundwater monitoring well number 3 
following a low flow rate purge (figure 3.1). The initial depth of water table was 19.95m 
from the well protective cap at the ground surface.  
 
 
Figure 3.1: Sampling natural groundwater from a monitoring well at the Schneckenstein 
uranium tailings  
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This groundwater was just slightly contaminated in both uranium and arsenic as it titrated 
in mg/L 4.7 Cl
-
, 6.0 NO3
-
, 35 SO4
-
, <0.3 F
-
, 20.6 Na
+
, 1.5 K
+
, 7.6 Ca
2+
, 1.8 Mg
2+
, 0.1 Fe, 
0.01 Mn, 0.015 Cu, 0.014 As and 0.04 U. 
 
These water samples were eventually upgraded to uranium-arsenic molar ratio 1/1 with 
0.05mM uranium and 0.05mM arsenic for better analytical detection. 
 
3.1.1.3 Sorbents 
A wide range of solids were used to simulate the natural or passive mitigation conditions 
in the subsurface either as major sorbent or as a secondary reagent with potential 
influence on uranium fate in the presence of arsenic. 
 
The selected sorbents include scrap metallic iron, sands with or without iron coating, iron 
minerals (oxide, oxy-hydroxide, and sulfur), glass beads, calcite and the facultative 
bacterium Shewanella putrefaciens. The surface area of these solid phases was measured 
by the Brunauer-Hugh-Emmet (BET) method using N2 at 77 K. 
 
3.1.1.3.1 Scrap Metallic Iron 
The scrap metallic iron type S69 from Metallaufbereitung Zwickau (Germany) was 
crushed from its original size of 1-5 cm (figure 3.2) using a specialized metal 
cutting/crushing mills Retsch M SM 2000 (Restch, Germany).  
 
The sieved fractional sizes 0.25-0.5 mm (25%) and 0.5-0.8 mm (75%) were used in all 
batch and column experiments without further treatment. The related BET surface area 
was measured as 0.29m
2
/g. However, the homogeneous fraction size of 0.1 mm was used 
in experiments designed for the Synchrotron based XAFS spectroscopy.  
 
The elemental composition of the scrap metallic iron is 92.8% Fe, 3.5% C, 2.1% Si, 0.9% 
Mn and 0.7% Cr. 
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Figure 3.2: Original scrap metallic iron of 1-5 cm long pieces 
 
3.1.1.3.2 Sands 
(1) Quartz sand F32  
This sand was donated by the Quarzwerke Frenchen (Germany). It had an average grain 
size of 0.24 mm and a specific theoretical surface area of 102cm
2
/g.  X-Ray diffraction 
(XRD) analysis revealed its mineralogical composition as 98.6±0.26% quartz and 
1.4±0.26% calcite whereas its oxide based geochemical composition indicates 99.7% 
SiO2, 0.2% Al2O3, and 0.03% Fe2O3.  This sand was washed with diluted (1:10) 65% 
nitric acid and kept it soaked in for 24 hours, rinsed several times with deionised water 
and air-dried in the laboratory. 
 
(2) Quartz sand d’Alsace 
This sand was mined by Quartz d‘Alsace of Kaltenhouse (France) from the geological 
formation known as Cône de la Moder. Following extraction, the sand was washed and 
oven dried at about 100
oC. The quartz sand d‘Alsace mineralogical composition 
comprises close to 99% quartz and about 1% potassium rich feldspar, 1% of clay 
minerals mainly kaolinit, illit and smectite and 0.07% of oxide/hydroxides of Fe, Al and 
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Mn. Its oxide based geochemical composition titrates as major 99.4% SiO2, 0.2% Al2O3, 
and 0.1% Fe2O3. This composition was measured following drying respectively at 110
o
C 
and 1000
oC (Behra, 1987). The quartz sand d‘Alsace used for sorption isotherms 
experiments at low concentration of both uranium and arsenic was eventually coated with 
iron film using a high purity synthetic goethite from BASF (Germany). The coating 
process involved shaking for 24 hours a capped jar containing a mixture of quartz sand 
d‘Alsace (100g) and BASF goethite (1g) dissolved in a 100mL of 0.01 M NaNO3 
solution. The iron coated quartz sand d‘Alsace was thereafter rinsed with milli Q water 
before air drying at laboratory ambient temperature.  
 
3.1.1.3.3 Iron Minerals 
The iron minerals specimen used in batch and column experiments were donated by the 
Reiche Zeche experimental mine of the Technische Universität Bergakademie Freiberg. 
They were crushed and sieved without further treatment. The fractional grain sizes of 
25% (0.25mm-0.5mm) and 75% (0.5mm-0.8mm) were used throughout. X-Rays 
Diffraction (XRD) analysis of these mineral species characterized the compounds 
referred to as goethite-quartz as 97.89±0.29% goethite and 2.11±0.29% quartz whereas 
the compound referred to as pyrite-calcite-ankerite was in fact a mixture of calcite (10%) 
of the grain size (0.2-0.5mm) and a more complex natural mixture. XRD characterized 
the complex mixture as pyrite (74.76±1.23), calcite (10.95±0.72%), ankerite Fe0.54 
(5.66±0.81%), sphalerite Fe (4.52±0.33%), chloritellb-2 (2.14±0.93%), galena 
(1.49±0.06%) and quartz (0.48±0.33%). The factional sizes used for goethite-quartz had a 
surface area of 5.93m
2
/g whereas the pyrite-calcite-ankerite had 0.14m
2
/g. 
 
3.1.1.3.4 Calcite 
The mineral referred throughout as calcite contained 99.67 ± 0.25% pure calcite and 0.33 
± 0.25% quartz. Similar to iron oxides and scrap metallic iron, the sieved fraction sizes of 
calcite 0.2-0.5 mm (25%) and 0.5-0.8 mm (75%) were used all the way through.  
 
3.1.1.3.5 The Scheneckenstein uranium tailings 
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Two cores of uranium tailings material were recovered at two different locations with 
GPS Bessel coordinates of 4532588, 5587177 at depth of 3m and at 4532631, 5587014 
from a 5m deep borehole. Both boreholes were drilled using a motorized auger. The 
sandy to silty tailings materials had a mineralogy dominated by muscovite and quartz, a 
very low dry density and a grain density of 30 % with a very low coefficient of 
permeability spanning between 10
-8
 and 10
-7
 m/s which is consistent with the low 
infiltration rate of approximately 8.8 cm/year associated with this material (Naamoun, 
2003). These tailings were dried and used as is without treatment in particular for the 
combined column leaching and sorption experiment whereby it was mixed either with 
glass beads or with the quartz sand F32. 
 
3.1.1.3.6 Glass beads 
The glass beads used in some of the columns were in weight/weight fractional grain sizes 
of 25% (0.2-0.4 mm) and 75% (0.4-0.8 mm).  
 
3.1.1.3.7 Bacterium Shewanella putrefaciens 
The vacuum dried culture of Shewanella putrefaciens referred to as strain 6067 was 
purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH 
(DSMZ). It was resuscitated following routine DSMZ protocol using an appropriate 
medium at the laboratory of environmental microbiology at the Technische Universität 
Bergakademie Freiberg. The stock culture was maintained through freezing. The active 
stock cells cultures of S. putrefaciens DSMZ 6067 was thereafter used to inoculate a Petri 
dish containing yeast extract, peptone and agar and incubated at room temperature (about 
23
o
C). 
 
3.1.2 Methods 
3.1.2.1 Bacteria Culturing and Harvesting  
Shewanella putrefaciens cells culturing for the sorption batch experiment was carried out 
aerobically using a set of 250 ml glass Erlenmeyer filled with 100 ml of the growth 
medium and inoculated with a loopful of S. putrefaciens colonies from Petri dish. The 
growth medium comprised 2g/l yeast extract, 5 g/l peptone and 5g/l NaCl adjusted to pH 
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of 7 with NaOH prior to sterilization. The culture vessels were put on a shaker and 
incubated at room temperature of about 23
o
C until the late exponential growth phase 
(figure 3.3). Culturing the Shewanella putrefaciens DSMZ strain 6967 in an incubator set 
at 26
o
C is ideal and was also carried out with higher kinetic rate and slightly much more 
biomass. A typical dried biomass from a 15 ml filtrate of a 1 optical density unit at a 
frequency of 600 nm weighed in average 10.11 mg.   
The cultured cells were harvested by centrifugation at 7000g for 15 minutes at a 
temperature of 10
o
C. The harvested cells were washed twice using a sterile and anoxic 
0.01 M KOH solution. The washed pellets were finally resuspended in anoxic 0.01 M 
NaNO3 background electrolyte solution of the biotic batch sorption experiment reaction 
vessel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Culturing Shewanella putrefaciens at ambient temperature 
 
3.1.2.2 Batch Experiments 
All batch experiments were conducted in duplicate with reaction vessels covered in 
aluminium foils to minimize photochemical reactions. The reaction vessels included 25 
ml glass centrifuge tubes, 250 ml glass Erlenmeyer or 100 ml polyethylene flasks.  The 
weight/weight solid to solution ratio for most reactions was of 1/10 or 1/50 for the rest. A 
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hydration time of 6 hours was applied to the solid in the background electrolyte solution 
prior to the spike of either uranium or uranium and arsenic at concentrations of either 
spanning from 0,05mM to 0,1mM or at trace micro-molar concentrations. The reaction 
vessels were only wrist shaken up to 10 times at the beginning of the reaction and left to 
equilibrate without further shaking for 24 hours for most reactions but not exceeding a 
week for the rest of mainly kinetic experiments. The reacted solution was sampled and 
acidified for analysis after filtration or centrifugation. 
 
3.1.2.3 Column Experiments 
3.1.2.3.1 Sorption experiments 
All the columns used for sorption experiments were of glass type of 40 cm height and 2.4 
cm diameter but one of 20 cm height and 2.5 cm diameter (figure 3.4). 
The columns were first filled half with deionised water followed by solid phase filling 
using a funnel and wrist induced compacting vibrations in order to minimize the 
possibility of preferential flow paths. The solid phases were sand alone filled or mixed 
with respectively glass beads, scrap metallic iron or with iron minerals resulting in the 
case of the 40 cm height columns in an average porosity of 0.3 and an average pore water 
volume of 65 ml. In the 20 cm height column, the average porosity was 0.3 for a pore 
water volume of 33 ml. 
 
The influent solutions were pumped from bottom to top at an average rate of 0.16 ml/min 
using an ISMATEC IPC 24 canals peristaltic pump (Ismatec SA, Switzerland) for the 
experiments conducted in the 40 cm height columns. In the 20 cm column, the pumping 
rate was constant at 0.14 ml/min using a high precision Waters 510 HPLC 
chromatography pump. 
In either case, the columns were conditioned by pumping in first several pore volumes of 
deionised water. This step was simultaneously followed by a tracer test and a pumping of 
deionised water. The conditioning step resumed with the pumping of either 0.01M KCl, 
NaCl, or NaNO3. 
 
.  
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Figure 3.4: Column experiment using the 40 cm height columns (top) and 20 cm height 
column (bottom). 
The possible influence of autochthon bacteria from the Schneckeinstein uranium tailings 
was investigated in two columns. One of the column contained sand only and the other 
sand and scrap metallic iron. For these columns, however, conditioning and flushing was 
achieved by pumping of several pore volumes of deionised water first and then by 0.01M 
glucose solution. These two columns were thereafter supplied from the top with a 25 ml 
of a diluted 1:1000 supernatant aliquot in a 0.01M glucose background. This aliquot was 
derived from 25 g soil of Schneckenstein Uranium tailings (Saxony, Germany) taken 
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from the bottom part of a 5m deep tailing material mixed with 250 ml 0.01 M glucose as 
C6H12O6.H2O using a 500ml Erlenmeyer placed in a horizontal shaker for 1 hour. Also to 
account for the Shewanella putrefaciens influence, 100 ml of live culture were introduced 
from the top cover in a sandy column.  
 
 
 
Figure 3.5a: Experiment using the 80 cm height PVC column (top) and the computerized 
sensors system for recording physico-chemical parameters (bottom). 
 
A tabular formulation of the detailed composition of the columns is presented with the 
results in the next chapter as legend. The conditioning step was followed by the actual 
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pumping of the same background electrolyte but spiked with either uranium or uranium 
and arsenic. 
 
3.1.2.3.2 The Combined Leaching and Sorption experiments 
The combined leaching and sorption experiments were conducted in three 80 cm height 
and 10 cm diameter Polyvinyl Chloride (PVC) columns equipped with 2 laterals 
sampling ports (figures 3.5a and 3.5b). 
 
The three columns were filled with a mixture of 10% tailings and 90% quartz sand 
Frechen F32 up to 60 cm from the bottom.  Column 1 had 5 cm scrap metallic iron 
followed by 15 cm of a mixture of 10% scrap metallic iron and 90% sand to the top of the 
column. Columns 2 and 3 had this latter structure of 10% scrap metallic iron and 90% 
sand from 60 cm to the top of the column.   
 
All three columns 1, 2 and 3 had filters and a gravel pack at the bottom, a filter at 60 cm 
and a gravel pack. A filter placed at the top of each column was aimed at preventing fine 
particles for entering the flow through cell where Eh, pH, temperature and electrical 
conductivity electrodes were positioned. 
 
The mixture of sand and uranium tailings in the three filled columns were leached with 
distilled water pumped from the bottom at a average rate of up to 50 ml/min using a 
pressured nitrogen gas of 0.2 bar whereas the resulting uranium and arsenic contaminated 
water was eventually mitigated by a reactive barrier system filled with scrap metallic iron 
at the last 20 cm of the upper portion of each column. 
 
3.1.2.4 Analytical Procedures 
The master parameters potential hydrogen pH and the redox potential Eh were measured 
with combined glass electrodes (WTW GmbH, Germany). The pH electrodes were 
calibrated with two buffer solutions of respectively pH=4 and pH=7 whereas the Eh 
electrodes were calibrated with a Zobell solution at 150 mV.  
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Figure 3.5b: Columns lay out 
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Samples from all batch and columns experiments were collected either manually using 
jars or using test tubes through an automatic sampler. 
 
The collected samples were thereafter either filtered with a 0.2µ filter (Schlecher & 
Schuell, Germany and Sartorius, Germany) or a medium pore size filter of the brand 
FILTRAK (Germany); or centrifuged at 10000g. These samples for analyses were 
preserved in polyethylene jars and eventually acidified to pH≤2 using high purity nitric 
acid, covered with aluminium foil, and eventually preserved in a cooler at 4 Celsius grad. 
Uranium was analysed by photometry using the arsenazo III method (Savvin, 1961) and 
the inductively coupled plasma mass spectroscopy (ICP-MS) while arsenic was analyzed 
by atomic absorption spectroscopy (AAS) and ICP-MS.  
 
3.1.2.4.1 The Photometric Determination of Uranium with Arsenazo III. 
(1) The Principle 
The reagent arsenazo III (1,8-dihydroxynaphtalene-3,6-disulphonic acid-2,7-bis[(azo2)-
phenylarsonic acid)] (figure 3.6) was first prepared by Kuznetsov in 1941 who named it 
using its abbreviated form (Savvin, 1961). 
Arsenazo III is a crystalline dark-red powder. It is readily soluble in warmed water or in 
alkaline water containing sodium bicarbonate or sodium carbonate. This reagent is stable 
for long periods either in its dry or in its dissolved form. 
 
 
 
 
                                Figure 3.6: The structure of Arsenazo III 
Arsenazo III reactions with elements give colored complexes whose tone is pH 
dependent. For instance, at pH4-pH1, arsenazo III reaction with uranyl UO2
2+ 
forms a 
green marked complex whose typical structure is illustrated in figure 3.7. In general, 
arsenazo III forms 1:1 (element/reagent) complex with 2+ and 3+ charged cations. It 
forms 1:1 or 1:2 complexes with 4+ charged cations.   
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                             Figure 3.7: The structure of the complex UO2
2+ 
with arsenazo III 
The arsenazo III method is most selective for U(IV) with which its forms highly stable 
complex. These characteristics make the method suitable for photometric determination 
in particular when working at the optimum wavelengths λ of 660 to 665 nm.  
.  
 
 
Figure 3.8: A typical calibration curve used for the photometric determination of 
uranium using the arsenazo III.  
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Most cations and anions do not inhibit the determination of uranium by the arsenazo III 
method but Th
4+
,
 
Zr
4+
and Fe
3+
. Oxalic acid is used to eliminate Zr
4+
 interference while 
the addition of ascorbic acid reduces ferric iron‘s interference. 
 
(2) The measurements 
The actual measurement of uranium concentration from batch and column experiments 
samples involved the reduction of U(VI) to U(IV) while eliminating the interference from 
known potential inhibitors 
 
To this end sequential addition of two times 2ml of concentrated 37% HCl and high 
purity 200 mg Zn granule to 3ml of water sample contained in 20 ml glass test tubes was 
aimed at creating conditions favorable for the reduction of U(6) to U(4): 
)(22)(
2
gs
HZnClHClZn                                                                                      (3.1) 
  HUUH aqg 2
46
)()(2
                                                                                           (3.2) 
          
At the completion of the first resulting reaction (equation 3.1) marked by the complete 
dissolution of metallic Zn, 250 µl of oxalic-ascorbic acid solution and 250µl of arsenazo 
III were added to mask major interferences and complex the reduced uranium. 
 
An UV-VIS HACH DR 2000 spectrophotometer with a 1 cm cuvette was used for the 
absorbance determination at a wavelength adjusted to 665nm 
The concentration c of the element of interest is derived from a calibrated curve based on 
Lambert-Beer measuring the absorption A as a function of wavelength λ of the incident 
light I0 from a solution in the cuvette of thickness d emitting light I given the constant ε 
as: 
 
The method detection limit is estimated at 10
-7
 M U (Meinrath et al, 1999) 
 
(3)  Attempts to improve the arsenazo III Method 
cd
I
I
A )(log)( 0  
Materials and Methods 
 
 69 
As noted by Meinrath et al. (1999) and from our own observations, the determination of 
uranium with the arsenazo III is a robust analytical technique. However, the method has 
some drawbacks. In fact, the reactions depicted in the equations 3.1 and 3.2 last 
altogether up to 4 hours and the difficulties in getting reliable uranium determination in 
trace concentrations below 10
-7
 M in particular when the system contains Cl
-
. Thus, the 
following improvements were attempted. 
 
(3.1) Catalysis using CuSO4  
In order to increase the kinetic rate of the reaction depicted in the equations 3.1 and 3.2, 
100µl of a 1M solution of CuSO4 was added to the reaction vessel prior to the addition of 
Zn granule which marks the beginning of the reaction 3.1.   
 
While the resulting higher kinetic rate effectively boosted the completion of the reaction 
less than an hour compared to the 4 hour long, discrepant calibration curves of standards 
with and without CuSO4 and the actual measurements on Schneckenstein water samples 
led to its abandonment (figure 3.9). The CuSO4 clearly influencing the magnitude of the 
uranium concentration.  
   
(3.2) Solid Phase Extraction with Piroxicam 
The second improvement attempt consisted in using solid phase extraction (SPE) to 
enrich uranium trace concentrations to levels easily determined spectrophotometrically 
using the arsenazo III technique.  
 
Thus, Sadeghi et al. (2003) study on SPE spectrophotometric determination of uranium 
(VI) in natural water was checked. This study claimed to have  successfully used 
octadecyl bonded silica membrane disks modified with a non-steroidal anti-inflammatory 
drug known as piroxicam, 4- hydroxyl-2-methyl-N-(2-pyridyl)-2 H-1,2-benzothiazine-3-
carboxyamid-1,1-dioxide, to determine trace concentrations of uranyl up to a detection 
limit of 0.4μg/l.  
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Figure 3.9: The effect of CuSO4 on the uranium calibration curves compared to the 
Schneckenstein Uranium Tailings leachates S1 and S2. 
 
The Sadeghi et al. (2003) experimentation procedure was replicated as specified in their 
paper except the boiling phase of the desorbed uranyl containing solution. The attempted 
modification is a four stepped SPE procedure excluding boiling: disk conditioning, 
modification, sorption of trace concentration uranyl onto the modified piroxicam disk and 
uranyl desorption. However, only 40-80 % of the input uranyl was recuperated. Thus, this 
technique was abandoned due to the observed poor recuperation, the lengthy overall 
procedure and the cost. As pointed out by Meinrath et al. (1999), method for quantitative 
analysis of uranium in natural samples must among other factors be quick but precise. 
SPE coupled with the arsenazo III method hold the potential to be a robust, affordable 
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and reliable technique for uranyl determination in trace concentrations. However, much 
research effort is needed towards its improvement to achieve better results. Meanwhile 
ICP-MS was used as a viable alternative for uranium determination in trace 
concentrations. 
 
3.1.2.4.2 Atomic Absorption Spectroscopy 
Total arsenic was measured in part with an Atomic Absorption Spectrometer Zeiss AAS 
4 EA equipped with an automatic sampler and an arsenic electrodeless discharge lamp 
(EDL). The instrument was operated at EDL current of 380 mV, wavelength: 193.7nm, 
slit: 0.7nm. Peak height was used for data processing of low absorbance while peak area 
was used for high absorbance. A five points curve was used to calibrate the 
spectrophotometer (figure 3.10) whose detection limit for arsenic was estimated at 1μg/l. 
 
y = 59,097x
2
 + 220,02x
R
2
 = 0,9992
0
10
20
30
40
50
60
70
80
90
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35
Absorbance
A
rs
e
n
ic
 (
µ
g
/l
)
 
Figure 3.10: A Zeiss AAS 4 EA typical calibration curve (peak heights) 
 
3.1.2.4.3 Inductive Coupled Plasma Mass spectroscopy 
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Sorption experiments conducted at trace concentrations were analyzed at the Laboratoire 
des Mécanismes et des Transferts en Géologie (LMTG) of the Centre Nationale de 
Recherche Scientifique (CNRS) in Toulouse (France) using a quadrupole  inductively 
coupled plasma mass spectrometer (ICP-MS) Elan 6000 (Perkin-Elmer). To avoid the 
strong influence of Cl
-
, NaNO3 was used as background electrolyte solution for related 
experiments. Each sample was weighed and few drops to make up 1% weight/weight of a 
solution of In/Re was added, well mixed before its placement in the automatic sample 
holder. Quantitative concentrations were calculated using isotope standards. 
3.1.2.5 Analytical Uncertainties 
Errors and uncertainties are inherent to any analytical work where measurements involve. 
Since the publication of the ISO (1999) guide to the expression of uncertainty and its 
companion by EURACHEM/CITAC (2000) on ―Quantifying Uncertainty in Analytical 
Measurements‖, analytical chemists and related scientists have got standardized 
expression of a measurand uncertainty. There seems to be a wide consensus on 
understanding that a measurand of any kind whether a concentration of a toxin or a pH 
value can be a decision support tool with major consequences on society. Besides, 
metrological traceability and measurement uncertainty and its propagation are essential 
for comparing analytical results.  
Despite this understanding, still the full application of the metrological concept of 
uncertainty as standardized in the aforementioned documents is not forthcoming even in 
the mainstream scientific publications. The major reason may be related to the laborious 
task of effectively applying these guidelines in a real world scientific investigation. For 
instance, a single concentration measurand is in fact related to many sources of which a 
combined uncertainty must be established. The related uncertainty estimation flowchart is 
long as it comprises: specify uncertainty, identify uncertainty sources, quantify 
uncertainty components and quantify the combined uncertainty. 
 
3.1.2.5.1 Uncertainty and Error 
The ISO (1993) ―International Vocabulary of Basic and General Terms in Metrology‖ 
defines uncertainty as: 
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―A parameter associated with the results of a measurement that 
characterizes the dispersion of the values that could reasonably be 
attributed to the measurement‖     
This parameter, notes EURACHEM/CITAC (2000) can be the standard deviation (or a 
given multiple of it) or the width of a confidence interval.                                                                                                                                                                     
Besides, since uncertainty generally refers to a ―doubt‖ associated to a measurand, 
EURACHEM/CITAC (2000) considers uncertainty either as defined by ISO (1993) or to 
an inherent limited knowledge about a particular value. 
 
The concept of error is often mistaken to uncertainty or even interchanged in particular 
when the general estimator standard deviation is used to represent the results. In fact, 
error is generally defined as the difference between an individual result and the ―true 
value‖ which is never known. An error has two main components: a random component 
which can be reduced by increasing the number of observation and a systematic 
component which is independent to the number of observations.   
 
3.1.2.5.2 Estimation of uncertainty 
An uncertainty of a result may originate from various sources such as incomplete 
definition, sampling, matrix effects and interferences, environmental conditions, 
inconsistencies of mass and volumetric equipment, reference values, approximation and 
assumptions incorporated  in the measurement method and procedure, and random 
variation (Eurachem/Citac, 2000). Thus, to account for all uncertainty components, the 
overall estimation of uncertainty must track and consider the contribution of each single 
source separately.  The contribution of each component is referred to as standard 
uncertainty. In general as noted by Eurachem/Citac (2000) components of uncertainty of 
measurements can be evaluated either using standard deviation or even better the 
standard deviation of the mean, or through an approach that combine standard deviation 
and assumed probability distribution based on experience or other information.   
The total or combined uncertainty sums up all the uncertainty components while the 
expanded uncertainty multiplies the former with the coverage factor k which is linked to 
the level of confidence. Worth mentioning, however, the increasing uses of more 
Materials and Methods 
 
 74 
complexes statistical techniques such as Monte Carlo and Latin Hypercube sampling 
techniques in the estimation of uncertainty.  
 
In this study, all recognizable random errors were minimized by means of repeated 
observations. However, to limit the analytical cost, sorption experiments and related 
analytical determination were run in duplicate only.  Systematic errors were taken care of 
by means of calibrations. The 7 points calibration curve with its 8 observations for each 
point in figure 3.8 for instance can be used as illustration of the uncertainty of the 
measured uranium at each point as the standard deviation of the mean Stdm which for 
many represents much better an uncertainty of measurement rather than a simple standard 
deviation of a population.  
Thus, given the sample standard deviation for a population of size N, a measurand x and 
a corresponding measured average μ, 
)1(
)( 2



NN
x
Std i

.It follows that the standard 
deviation of the mean can be calculated as
)1(
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


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x
N
Std
Stdm i

. 
For non measured uncertainties or when a measurand x is a function of other variable, 
ISO (1993) is followed by estimating the greatest probable error Δx divided by 3 . 
Therefore, the uncertainty on pH values was estimated to 0.01 pH unit. For sorption 
experiments, the analytical determination of elements of interest using AAS or ICP-MS 
generated quasi automatically a value of the standard deviation for every duplicate and 
manually for the photometric determination of uranium.  
 
3.1.2.5.3 Spurious Errors/Blunders and Outlier Rejection Test 
While a maximal effort has been applied to avoid spurious errors/blunders throughout the 
laboratory investigation, such errors were however, subject to a thorough scrutiny before 
the probable rejection decision.  
 
A spurious error/blunder arises due to human obvious mistake or equipment failure or 
malfunction. The most common human blunder is digits mismatch on data record which 
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in most situations can easily be corrected.  Eventually an outlier test detection and 
rejection routine such as the Dixon‘s Q-test was applied.  
    
To detect and reject a suspected outlier x1 or xn from a set of experimental values 
arranged in ascending order x1<x2<x3<…..xn-1<xn,  a statistical experimental Q-value 
(Qexp) is compared to a critical Q value (Qcrit) given in tables as illustrated on table 3.1 at 
different confidence levels.  
           
 
 
 
Table 2.3: Critical values of Q at different confidence levels (C.L.) 
 
 
 
 
 
 
 
 
At the confidence level of 95% for instance, the suspected value is characterized as 
outlier and rejected if Qexp>0.710  
 
3.1.2.6 Results Treatment and Presentation 
 
Each one of the results of batch and column experiments presented herein is an average 
of a duplicate. A simple standard deviation would be the appropriate tool for the 
expression of the uncertainty in this case using a visualization method such as a boxplot 
for instance. However, for reason of clarity of the graphs, the uncertainties associated 
with the results are not presented. Only significant digits give an indication of the 
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N Qcrit (90% C.L.) Qcrit (95% C.L.) Qcrit (99% C.L.)
3 0.941 0.970 0.994
4 0.765 0.829 0.926
5 0.642 0.710 0.821
6 0.560 0.625 0.740
7 0.507 0.568 0.680
8 0.468 0.526 0.634
9 0.437 0.493 0.598
10 0.412 0.466 0.568
Materials and Methods 
 
 76 
uncertainty associated to the result. On the whole, the upcoming discussions of results are 
based on more or less 10% average experimental and analytical errors. 
Batch sorption experiments are primarily reported in micro molar (μM) as
gfw
CC 0  either 
as a function of time or the concentration at equilibration time C. C0 represents the initial 
concentration of the chemical of interest and gfw stands for the mass of the sorbed 
chemical. The results of column experiments are also mainly presented as breakthrough 
curves in micro molar as a function of the number of pore volumes of the eluted solution.  
 
 PHREEQC (Parkhurst and Appelo, 1999) was used for the geochemical modeling. 
 
3.2 Synchrotron Based X-Ray Absorption Fine Structure 
Spectroscopy Experiments 
 
The synchrotron based X-Ray Absorption Fine Structure (XAFS) spectroscopy can be a 
valuable analytical tool to study a wide range of matter molecular structure whether in 
solid (crystalline or amorphous), liquid or even gaseous form. Since the end of the 1970s, 
this traditionally investigative tool for physicists and physical-chemists has been proven 
efficient in issues pertaining to earth sciences, low temperature geochemistry, mineralogy 
and in environmental sciences in general. 
 
The growing trend of synchrotron based XAFS applications in the earth and 
environmental sciences stems from the technique intrinsic characteristics that include its 
element specificity, delivery of molecular scale structural and chemical information 
pertaining to even ―dirty‖ geo-environmental materials. Besides, recent advances in 
synchrotron radiation research, construction and commissioning of new generations of 
synchrotron facilities in many parts of the world has led to an increase in allocated beam 
times. On the whole, the energy tunable synchrotron X-Ray with brighter and smaller 
beam size of tens in magnitude than the standard sealed or rotating anode X-Ray tubes 
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counterpart is the backbone for nanoscale investigations of ever increasing complexity of 
environmental issues. 
This section briefly outlines the theoretical background of XAFS spectroscopy prior to 
describing the actual experimental settings at the Institut fuer Nukleare Entsorgung (INE)  
beamline of the Angstroemquelle Karlsruhe  (Anka) synchrotron facilities of the German 
research center Forschungszentrum Karlsruhe located in Leopoldschafen, a suburbs of 
Karlsruhe. Electromagnetic radiation was discovered in this town of Karlsruhe by 
Heinrich Rudolf Hertz in 1888. 
3.2.1 X-Ray Absorption Fine Structure 
3.2.1.1 X-Rays 
X-rays also known as Röntgen rays are electromagnetic and ionizing radiation of short 
wavelength ( 0.01 A
0
 – 100 A0 ) produced by an abrupt deceleration of  fast moving 
electrons upon colliding at a target material such as tungsten. Sources of X-Rays 
radiation include: 
 the rotating anode X-ray tube which use bent optic crystal to produce a 
considerable amount of a continum ―bremstrahlung‖, literally from German 
meaning ―braking radiation‖ or ―deceleration radiation‖, 
 laser produced plasma which can produce high intensity nanosecond-pulsed soft 
x-rays, and; 
 synchrotron radiation which can produce very intense tunable x-rays over a wide 
spectral range from infrared (energy less than 1 eV and wavelength superior to 
12,000 A
0
) to hard x-rays (energy less or equal to 100 KeV and wavelength 
superior or equal to 0.12 A
0
). The synchrotron based X-rays production is today‘s 
standard for non medical applications, such as XAFS spectroscopy. 
 
X-Ray Absorption Fine Structure is grounded on X-rays wave-particle duality and the 
photo electric effect. In fact, Einstein wave-particle duality of light relates the photon 
energy hυ to wave length λ as 


hc
hE    whereby, h stands for Planck‘s constant and 
c the speed of light.                                                                     
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 X-rays light can be absorbed by matter through Photoelectric effect. The energy of the 
X-ray is in fact transferred to a core level electron (K, L, or M) which ejects a photo 
electron leaving an excited atom with a core hole.  
The ejected photo electron wave vector k is linked to the incident photon quantized 
energy E according to the relation: 
 
)(
2
02
EE
h
m
k                
                             
Whereby, E0 stands for the energy threshold which is the minimum energy necessary to 
eject an electron form a particular atomic core level. 
Besides, fluorescence X-ray or Auger electron can be emitted when a high level core 
electron drops into a core hole. In the fluorescence case, the emission represents an 
energy difference of core levels whereas in auger effect the emitted electron is promoted 
to the continuum from another core level. 
 
3.2.1.2 XAFS Spectroscopy 
An X-rays Absorption Fine Structure Spectrum is produced when the x-ray photon 
energy either from a synchrotron or a laboratory XAFS spectrometer is tuned to the 
binding energy of some core level energy of an atom of interest in the material. The 
resulting spectrum is a plot of the absorption as a function of energy.  
 
In quantum physics, the absorption μ(E) is described by Fermi‘s golden rule as a 
transition between quantum states: 
2)(  fiE  
Where i is the initial state describing both the core level and the photon,  is the 
interaction and f  the final state describing the photoelectron. 
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Figure 3.11: Schematic representation of the outgoing photoelectron wave (solid lines) 
and the back scattering (dashed lines) from neighboring atoms responsible for the 
modulations in both XANES and EXAFS regimes.  
 
 
Figure 3.12: A XAFS L3-edge spectrum of solid UO2 with the corresponding XANES 
spectra of U3O8 and UO3 for the qualitative determination of speciation (―fingerprint‖) 
whereas the EXAFS region is displayed in the photoelectron wave vector k
3
 weighted 
(Denecke, 2006) 
 
Furthermore, as illustrated in figures 3.11 and 3.12, the scattering regime around the 
absorbing atom results in an oscillatory structure (XAFS spectrum) commonly divided 
into X-ray absorption near edge structure (XANES) at lower energies (from the 
absorption edge to around 50 eV above) and the extended X-ray absorption fine structure 
(EXAFS) at higher energies of up to 1000 eV beyond the edge.  
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3.2.1.2.1 X-Ray Absorption Near Edge Structure (XANES) 
The X-Ray Absorption Near Edge Structure region of the XAFS spectrum which spans 
between the edge region and the EXAFS region is also known as the Near Edge 
Absorption Fine Structure (NEXAFS) when dealing with chemisorbed molecules on 
surfaces. 
 
The XANES region is commonly divided into two sub-regions: 
(1) The pre-edge region which extends from Energy 2-10eV below the main 
absorption edge. No significant absorption occurs in this region.  
(2) The XANES region stricto sensu is characterized by sharp features arising from 
strong multi scattering of photo electrons with moderate kinetic energy from 
neighboring atoms. 
The XANES region is also the result of the outgoing photoelectron from the absorbing 
atom scattering and back scattering from nearby atoms. Owing to the relatively small 
span of the kinetic energy (5-100eV) and the large amplitude of the back scattering 
processes, multiple scattering regime can be dominant. This multiple scattering attribute 
of XANES makes it sensitive and prone to multi-atoms correlation functions relating to 
structural information such as coordination geometry of the absorbing atom. However, 
this multi-scattering characteristic of XANES also rends the extraction of these structural 
information extremely complicated using the single scattering approximation of the 
EXAFS regime. 
Much of chemical information that can be extracted from the XANES region includes the 
formal oxidation state of the absorbing atoms valence which is very difficult to 
experimentally determine in a nondestructive way; the coordination environment (e.g., 
octahedral, tetrahedral coordination) and the subtle geometrical distortions of it. Instead, 
qualitative interpretation of the XANES spectrum is commonly achieved through 
comparison to reference spectra ('fingerprint') or to theoretical multi scattering 
calculations compared with experimental XANES spectra in order to determine the 
geometrical arrangement of the atoms surrounding the absorbing atom including inter-
atomic distances and angles. Hence, this technique provides complementary information 
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to EXAFS. The boundary between XANES and EXAFS is somewhat arbitrary and in 
many instances unnecessary owing to recent advances in quantitative analysis of both 
XANES and EXAFS spectra.  
 
3.2.1.2.2 Extended X-Rays Absorption Fine Structure (EXAFS) Spectroscopy 
The Extended X-Ray Absorption Fine Structure (EXAFS) is the high energy region of 
the XAFS spectrum. EXAFS is characterized by weak oscillations of low fequency of the 
X-Ray absorption μ as a function of the incident photon energy beyond the edge of the 
absorbing atom. 
The EXAFS spectrum is generally between 50 and 1000eV above the edge of the 
absorbing atom.  
The extended fine structure was known in the early 1920-1930‘s (Kronig, 1931) and was 
known as ―Kronig oscillations‖. The structural content of these oscillations came to light  
in the 1970s with the advent of synchrotron radiation and the making of modern theory 
(Lytle, 1999) following benchmark publications such as Stern et al. (1975)  as well as the 
work of Kincaid and Einsberger (1975).  
EXAFS is in fact an interferogram from constructive and destructive interferences 
between outgoing and back scattered photoelectrons of high kinetic energy in a single 
scattering process (figure 3.11). The back scattering of the outgoing photon electrons and 
hence the EXAFS spectrum itself is only possible when the absorber is coordinated to 
neighboring atoms. Thus, for a mono-atom without neighbor such as gas Kr, an outgoing 
photon electron travels spherically with a wave length 
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E0 is the threshold energy of the absorber edge.  
The sinusoidal EXAFS modulations resulting from the back scattering of the outgoing 
photon electron by neighboring atoms has amplitude and frequency dependent to 
structural information of interest that include the atomic number and type of nearest 
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neighbors within Z+/-1, distance and coordination number of the atoms surrounding the 
absorbing and centrally excited atom. The conversion of E in k space as χ (k) is required 
in order to relate E to structural parameters. The EXAFS function in k space χ (k) for a 
short range, single electron and single scattering assuming a sample with a minimum 
disorder and the approximation of the photoelectron by a plane wave is: 
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where 20S stands for the amplitude reduction factor and l the angular quantum 
momentum. The sum spans to all n shells from to the jth coordination shell to the nth 
coordination shell, N being the coordination number, f(k) the back scattering amplitude 
function for the neighboring atom type, R the distance between the absorbing and the 
back scattering atom, )(k the mean free path length of the photoelectron, 2  the mean 
square average displacement from the mean bond length, and ),( Rk  the total phase shift. 
3.2.1.2.3 Multiple Scattering in the EXAFS regime 
 
The short range, single electron and single scattering theory, backbone of EXAFS has 
limited applications over an inter-atomic distance of approximately 4-5 A
0
. In compounds 
arranged in linear and co-linear atoms, the back scattering contribution from neighboring 
atoms over 4 A
0
 and as far as 8 A
0
 can be observed (Teo, 1986). This is the case of 
uranium (VI) aqueous complexes uranyl UO2
2+
 in a bidentate coordination with the 
carbonate ligand (CO
3
)
2-
. The resulting aqueous tricarbonato uranium(VI) complex 
UO2(CO3)3
4-
 exhibits a multiple scattering of the outgoing photo- electron  from the 
absorbing uranium (VI) atom in its way to the distal oxygen via the carbon atom. As 
shown in figure 3.13 from Denecke (2006), the atomic model with the multiple scattering 
paths involves U→O (axial) →U→O (axial) →U and U → C→O (distal) →U. Besides, 
the EXAFS spectra in k space and partly in its Fourier transform exhibit rapid 
modulations with significant amplitude enhancement. In fact, the intervening atom 
modifies both the amplitude and phase for bond angle ranging from 180
o
 to 75
o
 (Teo, 
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1986). This large EXAFS amplitude known as lensing or focusing effect is generally 
attributed to the significant probability of the back scattering amplitude function in k 
space for scattering of the excited electron in forward direction (180
o
) and to 0
o
.   In 
systems represented by co-linear compounds, multiple scattering involving the 
intervening atoms should be taken into account in order to correctly model the EXAFS. 
This multiple scattering correction of the short range, single electron and single scattering 
of the EXAFS regime can be accounted for by adding in the model all scattering paths 
that originate and terminate at the absorber. This correction is in addition to the one 
represented by the phase factor 2kR of the EXAFS equation.    
 
Figure 3.13: Structural atomic model of the UO2(CO3)3
4-
 derived from the U L3-edge 
EXAFS in k
3
 weighted space and the corresponding Fourier transform with fitting of the 
theoretical model in dotted lines taking into account the multiple scattering effect in the 
EXAFS regime (Denecke, 2006). 
 
In general, however, most multiple scattering in EXAFS regime are considered as 
unimportant since the rapidly oscillatory waves in k space tend to cancel out and the 
amplitude of these waves can be attenuated by the large scattering path lengths.   
 
3.2.2 XAFS Experiments 
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The use of synchrotron based x-rays for XAFS spectroscopy has outclassed XAFS 
laboratory spectrometers which can still deliver good quality spectra if ―fully optimized‖ 
as suggested by Konisberger (1988). Nowadays, fourth-generation of synchrotron light 
sources produce ultrabright, pulsed time-structured X-rays for a growing number of 
complex and challenging undertakings from the scientific and commercial users. 
This growing interest on synchrotron radiation is mainly due to newer generation of 
continuously evolving optical characteristics which are much better than the alternative 
and traditional x-rays sources. These characteristics include high brigthness, intensity, 
collimation, level of polarization, low emittance, pulsed light emission and the wide 
monochromator induced tunability in energy. Thus, the Anka Synchrotron and its 
actinide beamline INE are technically well suited for an environmental oriented 
application of XAFS spectroscopy. 
3.2.2.1 The Synchrotron Light Source Angstroemquelle Karlsruhe (Anka)  
The synchrotron light source Angstroemquelle Karlsruhe (Anka) is an electron 
accelerator designed and constructed by the ForshungsZentrum Karlsruhe (FZK) for 
research and technology. FZK which has recently merged with the Technische Hoschule 
Karlsruhe to form the Karlsruhe Institute of Technology (KIT) as the biggest research 
institution within the German Herman von Helmholtz Association of national research 
centers.  
Anka is operated since 2002 by FZK‘s Institut fuer Synchrotron Strahlung (ISS). Since 
2003, ISS is in charge of providing beamtime to German and international scientific users 
through a process of peer review of proposals.  
The Anka electron storage ring is 110.4m in circumference with 4 straight sections linked 
to eight beamlines and experimental stations (figures 3.14 and 3.15). The facility was 
designed to store 2.5GeV, a photon critical energy of 6.0KeV, a horizontal emittance of 
100 nmrad and operating electron current of 200mA for a life time of about 20 hours.  
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Figure 3.14: A pictorial view of the Synchrotron Angstroemquelle Karlsruhe (Anka) 
facility 
 
A daily injection of energy of 0.5GeV is carried out early in the morning using an 
injection gun from which electrons are accelerated through a microtron and booster 
synchrotron to near the speed of light accelerations in several stages in order to attain 2.5 
GeV. These electrons are thereafter stored in an ultrahigh vacuum ring where they are 
kept on a closed loop by strong magnetic fields. The facilty has 16 bending magnets 
disposed at regular intervals. 
Anka is a source of intense, high brilliance, highly focused and extremely broadband 
light covering the entire electromagnetic spectral range from around the infrared to the 
hard X-ray range.  Its multi-purpose storage ring is linked to beam lines covering 
dedicated to a wide range of applications. 
 
Recently the facility has pioneered the installation and testing of new insertion devices 
including several superconductive undulators for fast tunable X-rays for material 
research, imaging applications and an undulator with variable polarization direction for a 
dichroism beamline (figure 3.16).   
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Among Anka beamlines and experimental hutches, the INE beamline is solely dedicated 
to actinides research. 
 
Figure 3.15: A schematic overview of the Anka synchrotron facility showing the spatial 
location of its main components: a microtron, 0.5 GeV booster, beamlines and 
experimental stations around the 2.5 GeV storage ring (FZK, 2004) 
3.2.2.2 The INE Beamline 
The Institut fuer Nukleare Entsorgung (INE) beamline at the synchrotron source ANKA 
has been designed, constructed, commissioned and is operated by the Forschungszentrum 
karlstuhe‘s  Institute for Nuclear Waste Disposal better known from its German acronym 
INE. The INE beamline is a multi-purpose designed to expand in order to handle a wide 
variety of experiments including bulk XAFS, surface sensitive and spatially resolved 
techniques on one and the same sample with X-ray energies from 2472 eV (S K-edge) to 
23220 eV (Rh K- edge). 
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Figure 3.16: Simulated Anka brilliance with installed insertion devices. Parameters for 
calculations included 200 mA current, 28 mm for the WERA undulator and a gap of 23 
mm for the SUL Wiggler and 5 mm for the sc-mini undulator (FZK, 2004)  
 
 
Figure 3.17: Generic drawing of a beamline basic optical components and related 
experimental set ups for major bulk XAFS measurement modes (Denecke, 2006)  
 
The INE beamline commissioning was completed in September 2005. The beamline is 
dedicated to actinide research using solely X-ray spectroscopic techniques. The 
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determination of actinide speciation is of cardinal importance as it relates to the safe and 
sound disposal of nuclear waste. The beamline is licensed for experiments on nuclides 
not suited as nuclear fuel and the allowed activities must not exceed 10
6
 times the limit of 
exemption inside a safe and flexible containment. 
The INE beamline optics sketched in figure 3.17 spanning from the storage ring to the 
front end portrays among others the location of a double crystal monochromator (DCM) 
of Lemonier type built by the German Physikalisches Institut of the Universität Bonn.  
 
  
Figure 3.18: A typical Grazing Incidence XAFS setup at the INE beamline experimental 
hutch for the characterization of sorbed species. 
 
A monochromator is probably the most important piece in beamline optics. It selects, 
tunes up the synchrotron light wavelength (λ) around the energy edge of the absorbing 
atom and diffracts it according to the Bragg law:  sin2dn  in which n = 1, 2 or 3 
whereas  is the angle of reflection whose variation selects the photon energies and d is 
the spacing between diffracting planes which can vary depending on the orientation of 
the monochromator crystal pairs. For the germanium (Ge) and Silicon (Si) of the double 
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crystal monochromator at the INE-beamline, d= 2.000 A
0
 for Ge{220}, d=1.155 A
0
 for 
Ge{422}, d= 1.638 A
0
 for Si{311} and d= 3.135A
0
 for Si{111} (Denecke, 2006). 
 
In addition to the adherence to a special user operating procedure, the access and exit to 
and from the INE beamline experimental hutch is through a lock room with strict 
hands/feet check up aimed at monitoring potential contamination  
3.2.2.3 XAFS Measurements 
One of the main advantages of XAFS spectroscopy is that almost any type of sample can 
be analyzed in a non destructive manner. As illustrated in figure 3.17, two major modes 
of measurements of the bulk XAFS spectra are routinely set up in beamlines world wide: 
the transmission and fluorescence modes. Each of these methods requires a specific set 
up of the beamline optics in particular the detectors.  
In the transmission mode, the bulk EXAFS absorption spectrum µ(E) is obtained by 
recording the incoming photon intensity I0 in front of the sample and the outgoing I1 
photon intensity behind the sample. Several scans can be averaged to quantify the 
absorption spectrum µ(E) for a sample of length d according the Lambert-Beer 
law )](/)(ln[)( 10 EIEIdE  . For energy calibration, a reference sample of known 
absorption edge is measured simultaneously.  
For dilute samples, the fluorescence mode is preferred. Similarly the XAFS spectrum 
µ(E) can be obtained after averaging several scans and calculating  )(/)()( 0 EIEIE f  
whereby If represents the photon intensity recorded by the fluorescence detector. 
The electron yield mode is not commonly used for actinides in particular since it cannot 
handle aqueous or wet samples.  
Both fluorescence and electron yield processes occur as a result of atoms relaxation that 
follows inner shell excitation by X-rays. 
3.2.2.3.1 Samples Preparation  
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Sample preparation for synchrotron based XAFS spectroscopy is a key step to obtain 
spectra with interpretable structural information. Sample homogeneity is paramount in 
particular for transmission mode. 
Apart from standards, the selected samples for this project‘s XAFS experiments were 
prepared ex situ at the Laboratoire de Chimie Agro-Industrielle of the Ecole Nationale 
Supérieure des Ingénieurs en Arts Chimiques et Technologiques (ENSIACET) in 
Toulouse (France)  a  day before the actual start of the 3 full days beamtime (17-19 may, 
2006). These samples can be categorized into two main types based on their preparation: 
abiotic and biotic with reactive solutions adjusted to pH 4.5 in either case. The 
concentration of 0.1 mM either uranium or arsenic was chosen as it is currently the 
minimum required to get a better signal to noise ratio and subsequently interpretable 
XAFS spectra.  
(1) Abiotic Samples 
The abiotic solid samples were prepared from batch sorption experiments using in each 
case 2g of scrap metallic iron of homogenized 0.1mm grain size mixed with 100 ml 
solution of 0.01 M NaNO3 background electrolyte solution spiked with either 0.1 mM 
Uranium alone (sample Fe/U) or in bi-component of 0.1 mM uranium and 0.1 mM 
arsenic (sample Fe/U/As). At the end of the 24 hours equilibration time in darkness, an 
aliquot was centrifuged and the solid was transferred into eppendorf vials.  
(2) Biotic Sample 
The biotic sample (Fe/U/As/Bacteria) was designed as tri-component uranium (0.1mM), 
arsenic (0.1 mM) and Shewanella putrefaciens at 2 optical density units (600nm) in a 
0.01 M NaNO3 background electrolyte solution. This solution was equilibrated in 1/50 
(weight/weight) solid to liquid using 1g scrap metallic iron of 0.1mm and was supplied 
with high purity 0.05% ethanol as electron donor. The reaction vessel was a 75 ml glass 
bottle capped with rubber crimped with aluminum seal and was left to equilibrate in the 
dark for 24 hours.  
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All solutions used in this system were adjusted to pH 4.5 and purged with high purity 
nitrogen gas prior to sterilization. The addition of uranium alone or both uranium and 
arsenic in either the abiotic or the biotic systems, marked the start of the sorption 
experiment. Photochemical reactions were minimized using aluminium foil to cover the 
reaction vessels. 
3.2.2.3.2 The XAFS Experimental Set up 
As previously mentioned, Bulk U-L3 (17.175 keV) and As-K (11.867 keV) X-ray 
absorption fine structure (XAFS) spectra of selected solid samples of abiotic (Fe
0
-0.1mM 
U and Fe
0
-0.1mM U-0.1mM As) and biotic (Fe
0
-0.1mM U- 0.1 mM As-S. putrefaciens) 
batch sorption experiments were recorded at the INE-Beamline for Actinide Research. 
The actual full XAFS spectra for either U L3-edge or As K-edge for the selected sorption 
samples were recorded in fluorescence mode at ambient temperature (~ 23 C) using 5 
pixel low energy fluorescence germanium solid state detector (Canberra).  
 
Figure 3.19: A view of the actual fluorescence mode set up centered by a plastic holding 
the eppendorf vial containing the positioned sample using a goniometer with respect to 
the 1 mm diameter beam.   
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The radiation used throughout originated from the bending magnet port 3.5-2 of the 
ANKA synchrotron storage ring operating at 2.5 GeV with current intensity spanning 85 
and 180 mA. For the bulk U L3-edge XAFS measurements, the Lemonier type double 
crystal X-ray monochromator (DCM) equipped with a set of Ge(422) crystals was used 
with the second crystal detuned to 60% of the maximum intensity. Samples filled into 
Eppendorf vials and sealed in polyethylene bags were positioned with a goniometer 
(Huber Diffraktionstechnik, Germany) with respect to the focused beam of 1mm 
diameter. Nine XAFS scans were recorded and later averaged for each sorption sample to 
increase the signal-to-noise ratio. Schoepite was used as calibration reference for the U-
L3-edge excitation energy.  
 
Bulk As K edge XAFS spectra were collected with the same experimental set up as for U 
L3-edge XAFS spectra but with the second DCM crystal detuned to 70% of the 
maximum photon intensity. As K-edge XANES spectra scans of reference compounds 
comprising arsenic metal foil [As(0)] and powder samples of As[III]2O3, and As[V]2O5 
were recorded in transmission mode using argon filled ionization chambers. The XANES 
spectra presented herein for all sorption experiment samples were isolated from the 
complete XAFS spectra.  
 
3.2.3 XAFS Data Analysis 
XAFS analysis involves the reduction of raw data, XANES extraction and analysis which 
is mainly fingerprinting and EXAFS modulations extraction and modeling.  
3.2.3.1 XAFS Data Reduction 
The raw XAFS data undergo stepwise pre-treatment procedure referred to as reduction 
prior to any XANES fingerprinting with respect to references spectra or calculations, and 
EXAFS modeling. 
The major steps of the procedure include a preliminary step comprising the conversion of 
measured intensities to μ(E), background removal and normalization to unity, energy 
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calibration, dead time correction, correction for self absorption in particular for spectra 
recorded in the fluorescence mode and the removal of electron pair transition. The 
corrected spectra pre-treatment proceed then through scans averaging, conversion of the 
energy space in electron volts to the k space in the inverse angstrom. XANES can 
thereafter be separated whereas the EXAFS oscillations can be extracted by spline fitting. 
The extracted EXAFS spectra can afterwards undergo Fourier transformation followed by 
Fourier filtering of individual shells and ends with wavelet transformation. 
3.2.3.1.1 Conversion of Experimental Intensities to Absorption 
The experimental XAFS spectra is a plot μ(E) = f(E). In transmission mode experiments, 
the total linear absorption μ(E) is derived from the incident light intensity I0 and the 
transmitted intensity I given the sample thickness x as: 
I
I
xE 0ln)(   
In experiment conducted in fluorescence mode, the fluorescence intensity F recorded at a 
single detector from a sample of thickness x radiated with an incident I0 results in 
0
)(
I
F
xE  . 
3.2.3.1.2 Background Removal and Normalization to Unity 
The operation of background removal is aimed at most eliminating or at least minimizing 
the contribution of any instrumental background or other noise sources such as beam 
harmonics, elastic scatterings, and absorption from other edges.  
Besides, from the interference function
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 , it is generally assumed 
that the smooth part of the experimental μ(E) approximates μ0(E).  
The pre-edge substraction for elemental absorption is achieved through fitting technique 
using a line, a constant or a polynomial of Victoreen‘s type 43  DC  . The extension of 
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the pre-edge fit to the entire spectrum is much complex. The background absorption 
μ0(E) is generally unknown. A spline polynomial function is often used to approximate 
μ0(E) through a fitting routine.  
The resulting background substracted spectrum )(E must be normalized with respect 
to μ0(E) as shown in the interference function formula. The normalized μ(E) must span 
from 0 to 1 as to represent the absorption of 1 X-ray. A common technique to achieve this 
normalization is to divide )(E by the Victoreen‘s 43  DC  . 
3.2.3.1.3 Conversion from Energy to k Space 
As aforementioned, the conversion of the photon energy E to the photoelectron wave 
vector k is achieved through the equation )(
2
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m
k  .  The resulting EXAFS 
function χ (k) is often shown weighted by k2 or k3 as a mean of amplifying the EXAFS 
modulation at high k to account for χ(k) decay. This weighing of χ (k), however, can have 
a significant impact on the peaks amplitudes and positions in the Fourier transform and 
hence on EXAFS modeled parameters. 
3.2.3.1.4 Fourier Transform and Filtering 
Since the EXAFS function χ(k) is composed of sine waves, Fourier transform is 
commonly used to obtain a much more simple representation of the absorber coordination 
geometry. This operation applied to the EXAFS n weighed function k
nχ(k) leads to a 
variant of the radial distribution function )( 'rn in distance )(
'r space (Teo, 1986): 
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The radial distribution function peaks are shifted from the true distance r by 'rr   
varying from 0.2 to 0.5A
0
. The application of the Fourier transform to the EXAFS 
function χ(R) is a complex function. Both the real Re[χ(R)] and imaginary Im[χ(R)] 
components are used in shells curve fitting. A window function is also included in the 
Fourier transform. It is used to select the k range to be transformed. 
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Since, the Fourier transformed χ(R) function exhibits well defined peaks corresponding to 
different shells; Fourier filtering is required to transform the k
nχ(k) function into a filtered 
χ(k) shell which can be modeled using few numbers of distances. This operation involves 
transforming the k
nχ(k) into distance space, selecting the distance range of interest and 
back transforming the function into k space. It simultaneously removes high frequency 
noise and residual background. The procedure is based on interpolation of non-uniformly 
distributed data into equally spaced data points before Fourier transforming the extending 
data (Teo, 1986). 
3.2.3.2 EXAFS Spectra Fitting 
Fitting experimental EXAFS spectra with models spectra is commonly used to uncover 
the structural parameters. To this end, ab initio calculations are carried out stepwise as 
illustrated in the flowchart on figure 3.20 aimed at uncovering a theoretical EXAFS 
function χ(k) used in the least square fitting of the reduced, Fourier transformed and 
filtered experimental EXAFS spectrum: 
 find a structure similar to what might be the investigated system through 
guessing, 
  build a cluster of atoms with the absorber in the center manually or using a 
program such as ATOMS, and;  
 calculate the theoretical phases shift and amplitude functions using a program 
such as FEFF    
 
The least square fitting is generally carried out starting with the first coordination shell 
followed by the second through a trial and error procedure.  
 
The process is laborious and involves a judicious selection of mean free scattering paths 
including multi-scattering paths and moving forth and back between refining the 
reduction of the experimental EXAFS spectrum and better characterization of the 
theoretical EXAFS electronic parameters.  
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Overall, the modeler critical judgment must prevail to select the best possible fitting 
model which should ultimately be checked using evidence from alternative investigation 
tools and from literature.   
3.2.3.3 ATHENA and ARTEMIS 
XANES and EXAFS spectra analyses were carried out using the computer codes Athena 
and Artemis (Ravel and Newville, 2005). They are graphical and event driven programs 
written in PERL.  
 
Athena was used for XAFS data reduction since the program has a wide range of XAFS 
data reduction capabilities including converting raw data to μ(E), aligning, merging, 
deglitching, calibrating, Fourier transforming, and plotting.  
 
Athena uses the Autobk algorithm (Newville et al. 1993) for background approximation 
through a B-spline and normalization of μ(E) using an edge step procedure. 
 
Artemis and its embedded interfaces to programs ATOMS and FEFF were designed as a 
user friendly program for fitting model data to the experimental EXAFS data using χ(k) 
from Athena as input.  
 
The XAFS routines from Athena software package (Ravel and Newville, 2005) was used 
throughout for the collected XAFS scans spectra averaging, background subtraction and 
normalization following standard procedures. To this end, uranium spectra were 
calibrated and aligned with respect to the first inflection point of the first derivative of the 
schoepite spectrum while arsenic spectra were similarly calibrated with respect to As(0). 
The resulting merged and reduced χ(k) was imported into the Artemis XAFS data 
modeling software package (Ravel and Newville, 2005). 
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Figure 3.20: flow chart of the experimental EXAFS spectrum fitting using theoretical 
EXAFS models. 
 
Structural data ATOMS Raw XAFS spectrum data 
Cluster of atoms (FEFF input file) 
XAFS data reduction FEFF calculations 
XAFS spectrum in k space or Fourier transformed Theoretical EXAFS spectrum in k space 
Least square fit  
Determination of structural parameters 
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Ab initio calculations which include scattering amplitudes and phases as well as the 
determination of potentials and Fermi level were carried out using the FEFF6 embedded 
within Artemis. The input file for FEFF6 was prepared with ATOMS crystallographic 
software also embedded within Artemis using space groups and related crystallographic 
parameters of Schoepite, Heinrichite and Abernathyite from the American Mineralogist 
Crystal Structure Database (AMCSD) for respectively the Fe-U, Fe-U-As and Fe-U-As-
Cells but Abernathyite for the arsenic spectrum of Fe-U-As-Cells system. 
 
3.2.3.4 Uncertainty on EXAFS Analysis Results 
The results of EXAFS modeling as illustrated in figure 3.20 generally yields structural 
distances within 0.02A
o
, coordination number within about 20% whereas the neighbor 
type is uncovered as aforementioned within Z±1. 
 
 
 
 
 
Experimental Identification of Sorption Mechanisms 
 
 99 
Chapter 4 
   
  Experimental Identification of Sorption Mechanisms  
 
Identifying and understanding sorption mechanisms governing uranium fate in the 
subsurface in the presence of arsenic is paramount for contaminant transport modeling 
and better mitigation strategies of both toxins. This chapter presents and discusses the 
results of selected experiments described previously and partly herein.  It is ultimately 
aimed at identifying, under this study experimental conditions, plausible sorption 
mechanisms of uranium in the subsurface in the presence of arsenic. The chapter is 
divided into two main sections corresponding to the experimental scale of the results 
being presented. Exchange mechanisms at micro-scale concerns the results from batch 
and column experiments as well as the complementary hydrogeochemical modeling used 
as interpretative and conceptual aid to better comprehend the systems under investigation. 
The second section interprets the results of the X-ray absorption near edge structure 
(XANES) spectroscopy mainly through fingerprinting and the extended X-ray absorption 
fine structure (EXAFS) spectroscopy ab initio calculations and the subsequent modeling 
to uncover sorption mechanisms of uranium and arsenic sorbed onto scrap metallic iron 
and Shewanella putrefaciens surfaces at molecular scale. Each one of the two sections 
ends with concluding remarks which summarizes the main hypotheses. An integrated 
general discussion of both the results at micro and molecular scales is presented in the 
next chapter along with the conclusions and perspectives. 
 
4.1 Sorption Mechanisms at Micro-scale and Hydrogeochemical 
Modeling 
The simultaneous interpretation of both batch and column experiments is a difficult 
undertaking since their comparability is not straightforward.  Thus, the results from batch 
and columns are presented separately. This uneasy simultaneous interpretation of batch 
and column experiments stems primarily on the fact that Batch systems are static whereas 
columns are dynamic systems. Besides, traditionally, batch reactors are continuously 
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shaken while columns are not. Shaking the reactor vessels has been described by 
Noubactep et al. (2006) as one of the leading causes of the reductive precipitation 
mechanism of the uranyl cation onto elemental iron claimed by Cantrell et al (1995), Gu 
et al. (1998) and Farrel et al. (1999). Noubactep et al. (2006) also argue that in the case of 
metallic iron which constitutes the main sorbent used in this study, shaking the reaction 
vessels would in one hand enhance iron corrosion and on the other expose iron surface to 
potential reduction reactions as its corrosion products cover is removed. Thus, a priori, 
unshaken batch reactors used throughout this study seems much consistent with natural 
conditions.  
 
First, this section discusses the influence of water composition on uranium sorption in the 
presence of arsenic. This discussion is afterwards expanded to the influence of the solid 
phase. The discussion is based on both static conditions and dynamic systems referred to 
as transport.  Since as it appeared later in the investigation that most bi-components U-As 
experiments in the KCl based background electrolyte systems were conducted above the 
solubility product of the compound KAsUO6 [3H2O], both batch and transport based 
discussions end with a description of experimental results conducted at much lower 
uranium and arsenic concentrations in a 0.01 NaNO3 background electrolyte solution. 
 
4.1.1. The Influence of Water Composition 
The influence of water composition on uranium sorption in the presence of arsenic is 
mostly presented in the following sub-section whereby scrap metallic is the sorbent. This 
sub-section expands the results of a paper published in a special book edition of selected 
papers of WAPO 2, the international conference on Water Pollution in natural Porous 
media at different scales: assessment of fate, impact and indicators, held in Barcelona 
(Spain) on April 11-13, 2007 (Mbudi et al. 2007). A complement to this sub-section 
further discusses the effect of U, As or U-As concentrations on uranium sorption onto 
scrap metallic iron using 0.01M KCl compared to 0.01M NaCl background electrolyte 
solutions and a natural groundwater.    
 
4.1.1.1 The Influence of pH, Ionic Strength, Ligands and Metal Cations  
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In order to check the probable precipitation/coprecipitation of uranium as potassium 
uranyl arsenate as predicted by hydrogeochemical modeling, batch experiments were 
conducted with emphasis on the effects of water pH, ionic strength of the buffer and on 
the influence of ligands other than chloride. Overall, the exercise was ultimately aimed at 
uncovering whether arsenic enhances or inhibits uranium sorption in the systems under 
consideration and to hypothesize on the mechanisms governing uranium fate. All but 
ionic strength batch sorption experiments were carried out in 250mL capped glass 
Erlenmeyer in a 1/50 (weight/weight) solid to solution ratio mixing 4g of scrap metallic 
iron with 200mL of relevant background electrolyte solution. The influence of the ionic 
strength experiments were carried out with a weight/weight solid to solution ratio of 1 to 
10 in 20mL centrifuge tubes.  
 
4.1.1.1.1 Water Speciation 
   
The initial aqueous speciation of the 0.01M KCl experimental background electrolyte 
solution spiked with 50 µM U(VI) or 50 µM of both U(VI) and As(V) used to assess the 
effect of pH in the range of 3 to 9 and of ionic strength at pH 4.5 on uranium sorption on 
scrap metallic iron was calculated using the PHREEQC hydrogeochemical code 
(Parkhurst and Appelo, 1999) and its embedded and revised WATEQ4F thermodynamic 
database for arsenic species (Nordstrom and Archer, 2003).   
 
Besides, to account for probable uranyl-arsenate species, the simulations input files were 
supplemented with thermodynamic data of aqueous uranyl-arsenate complexes formation 
constants (reactions i, ii, and iii) given by Rutsch et al. (1997) whereas thermodynamic 
data for the solid phase KUO2AsO4 (reaction iv) and for the neutral aqueous species 
UO2(OH)2 (reaction v) were taken respectively from Wagman et al. (1982) and Grenthe 
et al. (1992).  
.    
)( 42
2
4
2
2 HAsOUOHAsOUO 

                                 76.18log K                     (i) 
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  42242
2
2 AsOHUOAsOHUO                                 96.21log K                    (ii)                       
242242
2
2 )(2 AsOHUOAsOHUO 
                           53.41log K                   (iii) 
  224242 2 UOKAsOHHAsOKUO         17.4log K                  (iv) 
  HOHUOUOOH 2)(2 22
2
22                           31.10log K                 (v) 
Figure 4.1a portrays the resulting pH dependent distribution of major aqueous uranium 
and arsenic species whereas figure 1b illustrates the incorporation of Rutsch et al. (1997) 
formation constants to account for possible uranyl-arsenate species. 
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Figure 4.1a: Aqueous speciation calculation of the experimental bi-component system 
50 µM uranium-arsenic in a 0.01 M KCl Background electrolyte solution.  
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UO2
+2
, H2AsO4
- 
and UO2HAsO4 are dominant species for the pH range 3 to 5 whereas 
H2AsO4
-
 alone prevails up to pH 7 until its concentration equals that of UO2(OH)2 around 
2.75E-05 M. In the pH range 6 to 9, UO2 (OH) 2 and HAsO4
-2 
dominate. Moreover, figure 
1b clearly indicates the presence of the uranyl-arsenate species UO2HAsO4 in the pH 
range 3 up to 7 with a climax at pH 5.  
 
Sorption experimental results presented in figures 2 to 5 herein are reported in micro 
molar (μM) of fixed uranium calculated as 
gfw
CC 0  whereby C0 stands for initial uranium 
concentration, C being the equilibration concentration of uranium and gfw the atomic 
mass of the sorbed chemical. 
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Figure 4.1b: Simulated aqueous speciation of the experimental bi-component system of 
50 µM Uranium-Arsenic in =.0.01 M KCl Background electrolyte solution taking into 
account Rutsch et al. (1997) complexe formation constants.  
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4.1.1.1.2 The Effect of pH 
The sorption kinetics of uranium onto scrap metallic iron either alone (mono-component) 
or in the presence of arsenic (bi-component) is pH dependent (figure 4.2).  
The uranium sorption rate is clearly much slower in the system at pH 3 with background 
electrolyte spiked with uranium alone. The overall highest rate of uranium fixation is 
exhibited at pH 9 by the system with uranium alone.   
The presence of arsenic seems to enhance the fixation of uranium in the pH range 3-5, in 
particular for the pH 5 system. This trend is less apparent for the pH 7-9 as inferred from 
the figure 4.2 insert.   
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Figure 4.2: Effect of pH on uranium (initial aqueous concentration: 50µM) on uranium 
sorption kinetics onto scrap metallic iron either in the absence or the presence of 50µM 
arsenic in 0.01M KCl  
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For all the pH ranges, the highest fixation rate is observed after 10 hours of equilibration 
time. Only the bi-component system uranium-arsenic at pH 5 presents the highest 
fixation rate after 2 hours of equilibration time.    
 
4.1.1.1.3 The Effect of Ionic Strength 
 
By changing the ionic strength, it appears that the removal onto scrap metallic iron of 
uranium alone or with arsenic in the three bi-component systems uranium-arsenic at the 
initial experimental pH of 4.5 is less apparent than the above pH dependency.  
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Figure 4.3: Effect of ionic strength on uranium removal as Log-Log isotherm scatter plot 
in the contact of scrap metallic iron (experimental conditions: different KCl 
concentrations spiked with 50µM U(VI) alone or both 50µM U(VI) and 50µM As(V). 
 
However, a log-log scatter plot (figure 4.3) shows roughly S shaped isotherms ranging 
from 0.01mM KCl U-As, 1mM KCl U-As, 10mM KCl U and 10mM KCl U-As as 
observed seen from the aqueous uranium concentration (abscissa axis).   
 
4.1.1.1.4 The Effect of Complexing Ligands   
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Within an average of more or less 10 percent experimental error, the scatter plot of 
uranium sorption (Figure 4.4) in the presence of inorganic ligands Cl
-
, NO3
-
, CO3
2-
, PO4
3-
and SO4
2-
 prepared from 10mM solutions of their respective potassium salts show a quasi 
linear maximal rate throughout.  
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Figure 4.4: Effect of 0.01M ligand on uranium (initial aqueous concentration: 50 µM) 
sorption onto scrap metallic iron either in the absence or in the presence of arsenic (50 
µM) at initial pH 4.5   
 
The initial pH of 4.5 seems optimal for uranium sorption in both mono-component and 
bi-component systems. However, the insert showing uranium behavior within the 10% of 
maximal removal shows that the carbonate and phosphate media have the lowest rate. In 
the reaction vessels with chloride, nitrate and sulphate uranium removal was relatively 
faster and more efficient than in the phosphate and carbonate vessels. At the end of the 
first 10 hours, uranium in the first set of ligands seems already in equilibrium contrary to 
the phosphate and carbonate containing vessels that remained unstable after 24 hours 
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reaction time. The addition of arsenic seems in both carbonate and phosphate solutions to 
inhibit the rate of uranium removal.   
 
Speciation calculations with PHREEQC point to H2AsO4
-
 and HASO4
-2
 as major arsenic 
dominant species at the experimental pH 4.5 for all background electrolyte systems. As 
aforementioned, the presence of the uranyl-arsenate complex UO2HAsO4 in systems such 
as KCl based is noteworthy. For uranium, UO2
+2
 and UO2OH
+ 
are the main species for all 
studied systems  except PO4
3-
, 
  
CO3
2-
, and SO4
2-
 where phosphate (UO2HPO4, UO2 
(H2PO4)2), carbonate (UO2CO3, UO2 (CO3)2
2-
 ) and sulfate (UO2SO4, UO2
+2
) may be 
present as well. 
 
4.1.1.1.5 The Effect of Metal Cations 
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Figure 4.5: Effect of 0.01M background electrolyte metal cation on uranium (initial 
aqueous concentration: 50 µM) sorption onto scrap metallic iron either in the absence or 
in the presence of arsenic (50 µM) at initial pH 4.5   
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The selected alkali and earth Alkali mono and divalent metal cations such as K
+
, Na
+
, 
Ba
2+
, Ca
2+
, and Mg
2+
prepared from their respective chlorine salts and spiked with either 
50µM uranium alone or both uranium and arsenic seem to play a different role in the 
overall behavior of uranium removal kinetics, but the presence of arsenic did not affect it, 
within a 10% experimental error (figure 4.5).   
 
 
 
Figure 4.6: pH dependent simulated distribution of the saturation index of the compound 
KUO2AsO4 and Schoepite without uranyl arsenate complexes formation constants given 
by Rutsch et al (1997) [1] compared to their incorporation in the calculations [2]. 
 
PHREEQC simulations predicted the likelihood of uranium removal through the 
potassium uranyl arsenate from chloride, nitrate and sulphate ligands rather than from the 
phosphate and carbonate. For the latter, the comparative saturation index of the sparingly 
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soluble potassium uranyl arsenate compound in phosphate was much towards the 
precipitation of the compound than in carbonate.  
 
Overall, the presence of arsenic has enhanced uranium fixation for all sort of species 
including in solutions where much more mobile uranyl carbonato species prevailed. 
 
4.1.1.1.6 Evidence of uranium removal through precipitation of potassium uranyl 
arsenate compound 
 
 
 
Figure 4.7: XRD comparative patterns of the potassium uranyl arsenate oxy-hydrate 
KAsUO6 [3H2O] compound from the columns and the mineral Abernathyite 
[K[UO2][AsO4][H2O]3] 
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Figure 4.6 shows simulated pH dependent saturation indexes of an unnamed compound 
KUO2AsO4 compared to Schoepite whereas figure 4.7 gives XRD characterization of this  
potassium uranyl arsenate as the sparingly soluble mineral which may be the primary 
control of uranium behavior in the systems with 0.01M KCl as background electrolyte 
solution as predicted by the hydrogeochemical modeling code PHREEQC.  
 
The yellowish precipitate or mineral coating observed in KCl based systems was 
characterized as KAsUO6 [3H2O] at the XRD laboratory of the Institute of Mineralogy at 
the Technische Universität Bergakademie Freiberg, Germany. The compound was 
determined by X-ray diffraction using a 3000TT diffractometer operating at Cu Kα 
radiation with a diffracted beam graphite monochoromator, and a proportional counter 
and automatic divergence slit. The data collected in the 2Ѳ range 5-80
0
, step 0.025
0
, and 
counting time 3 seconds per step suggests that the compound is closely related to or may 
be most likely abernathyite. However, the unknown compound has higher potassium and 
lower hydronium content at the cation position than the natural abernathyite as originally 
identified from Temple Mountain, Emery County, Utah, USA. 
 
Thus an approximation of the experimental log 1/K value can be calculated based on the 
dissociation reaction of the compound KUO2AsO4 in acidic medium:  
  224242 2 UOKAsOHHAsOKUO    
 
2
2
242
2
42
2
242
][
]][][[
]][[
]][][[
log





H
UOKAsOH
HAsOKUO
UOKAsOH
K  
 
For an ideal solution of ionic strength I=0 the activity coefficient γ can be derived from 
the Davies equation as  
0)2.0
1
(log 2 

 I
I
I
AZ .   Thus, 1 . 
At initial experimental conditions H
+
 =10
-4.5
M and U(6) =As(5) = 5*10
-5
M and K
+
=10
-
2
M. Assuming that at equilibrium most of the totality of respectively uranium, arsenic, 
and potassium were in the form expressed in the log K equation leads to:  
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3
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This calculated 210*25log K  value for the dissociation reaction is obviously higher 
than Wagman et al. (1982) 17.4log K  for abernathyite [K[UO2][AsO4][H2O]3]. 
Therefore taking the reaction backward towards the formation of the compound 
KUO2AsO4 suggests a  40
1
log 
K
 which is within  the same range of order of magnitudes 
as Rutsch et al.(1997) complex formation constants log K= 18.76, 21.96 and 41.96 
respectively for the aqueous species UO2(HAsO4), UO2(H2AsO4)
+
 and UO2(H2AsO4)2.  
4.1.1.1.7 Discussing the Effect of Background Electrolyte Chemistry   
 
The scrap metallic iron used in this investigation underwent no further treatment after 
crushing. Only 6 hours of hydration time was applied using a relevant background 
electrolyte prior to the addition of the uranium or uranium and arsenic to mark the 
beginning of the experiment. This important hydration step determines, depending on the 
starting pH, the amount of colloidal particles of sparingly soluble iron oxides as corrosion 
products. For a background electrolyte such as 0.01M KCl used to assess the effects of 
pH the and ionic strength, PHREEQC calculations predict major aqueous iron species 
being Fe
2+
, and Fe(II) and Fe(III) chlorides, and hydroxyl species. In such system, the 
reactivity of hydroxyl functional groups at iron oxide surfaces with uranium in the 
aqueous phase is dependent on the later speciation, the competition with H
+
 and the 
existing ligands and competing metal cations. It must also be stressed that the relatively 
high concentration of 50µM of uranium and arsenic used in the experiments mainly for 
analytical reasons make most of the systems prone to precipitation/co-precipitation 
processes in addition to adsorption. In such relatively short hydration and equilibration 
times, sustainable total anoxic conditions leading to the reduction of uranium and arsenic 
are unlikely to occur as argued by Noubactep et al (2006) and revealed by EXAFS 
(Manning et al 2002, Mbudi et al, 2007).  
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The pH dependency of uranium sorption kinetics either alone or in the presence of 
arsenic (Figure 4.2) suggests competition for sorption sites between uranium and H
+
 up to 
10 hours of equilibration time. Beyond 10 hours where most systems in figure 4.2 reach 
their maximal uranium removal lays the domain of mostly co-precipitation of uranium 
with iron hydroxyl species or formation of uranyl arsenates. The presence of arsenic 
seems to enhance uranium sorption through cooperative sorption of newly formed uranyl 
arsenates rather than competitive which seems consistent with the calculation and 
comparison of log K values aforementioned. 
However, for the system with uranium alone at pH 9, uranium co-precipitation seems to 
be achieved through reaction involving dominant species UO2 (OH) 2 and the negatively 
charged iron hydroxyl species such as  and Fe(OH)4
-
. Overall, deprotonation/protonation 
reactions at the iron surfaces coupled with precipitation/co-precipitation seems to control 
uranium removal from the aqueous phase. 
 
The slight dependency of uranium sorption on ionic strength suggests no competition 
between uranium and the mono-valent metal K
+ 
of the background electrolyte KCl. It 
may also means that despite the relatively higher uranium and arsenic input 
concentrations prone to precipitation/co-precipitation, adsorption of uranium through 
formation of inner sphere surface complexes of the type ))(( 22 UOFeO  could play an 
important role (Waite et al. 1994).   
 
The interpretation of uranium sorption slight dependency on ionic strength as signature of 
no competition of the electrolyte cation is consistent with kinetic sorption experiments 
with all the selected alkali and earth alkali metal cations as well as for the inorganic 
ligands which also show no competition with uranium. Within a 10% margin of 
experimental error, there is no evidence of competition neither from mono-valent K
+
, Na
+
 
nor from the divalent Ca
2+
, Mg
2+
, and Ba
2+. These ―hard‖ cations of Turner et al. (1981) 
coordination chemistry classification rarely undergo complexation.  
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The apparent low rate of uranium removal in carbonate and phosphate media could be 
attributed on the relatively strong and stable uranyl-carbonato and uranyl-phosphato 
complexes which consequently are prone to keeping uranium moderately to highly 
mobile with respect to hydroxyl species which diminish the extent of uranium adsorption 
in oxic water.  
 
In summary, uranium sorption on scrap metallic iron alone or in the presence of arsenic is 
dependent on the aqueous phase chemistry and chiefly its speciation.  The pH of the 
aqueous phase has a predominant role on uranium sorption rate.  The uranium removal 
dependency on ionic strength seems to be validated by the lack of competition from both 
alkali and earth alkali metal cations as well as inorganic ligands. While inner sphere 
adsorption may play a role, precipitation/co-precipitation of uranium seems to plays an 
important role enhanced by the presence of arsenic mainly from middle acidic to near 
neutral conditions.  
 
4.1.1.2 The Effect of U, As or U-As Concentrations  
 
As complement to the above investigation on the effect of a background electrolyte 
chemistry on uranium fate in the presence of arsenic, further batch sorption experiments 
of a week long equilibration time were carried out aimed at exploring the role of K as 
well as the effect of U, As and U-As concentrations on uranium behavior as it appeared 
that precipitation/co-precipitation of U and As in sparingly soluble uranyl arsenate 
compounds such as KUO2AsO4 controls much of uranium behavior.  
 
These additional batch sorption experiments presented herein and in the next section on 
the influence of the Solid Phase were all conducted in 1/10 solid (2g) to solution (20mL) 
ratio using 25 mL capped glass test tubes in duplicate.  
The initial solutions used in all these batch experiments were of either 0.01M KCl or 
0.01M NaCl background electrolyte solutions spiked all with U or U-As, and the 
Schneckenstein Uranium Tailings leachate PNP9 upgraded with U or U-As.  
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Figure 4.8: Sorption of uranium onto scrap metallic iron from 0.01M NaCl solution 
compared to 0.01M KCl solution spiked both with initial uranium concentrations varying 
from 1µM (0.238 mg/L) to 100µM (23.81mg/L)  
 
 
4.1.1.2.1 Upgrading Background Electrolytes   
The effect of the addition of uranium in concentrations varying from 1µM (0.238 mg/l) to 
100µM (23.81mg/l) in the 0.01M NaCl based solution compared to 0.01M KCl solution 
both at initial pH of 4.5 in contact with scrap metallic iron is shown in figures 4.8 and 
4.9.  
It can be inferred from both figures 4.8 and 4.9 that even at much longer equilibration 
time and within a 10% experimental error, there is no significant difference of sorption 
behavior of uranium in both the NaCl and the KCl systems.  
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Figure 4.9: Normalization to uranium atomic mass of the comparative sorption of 
uranium onto scrap metallic iron from 0.01M NaCl and 0.01M KCl solutions spiked both 
with initial uranium concentrations varying from 1µM to 100µM   
 
Besides, the normalization of uranium sorption results to its atomic mass clearly shows as 
expected a linear relationship with its initial concentration in the systems. 
 
In fact, higher uranium concentrations resulting in higher amount of the sorbed uranium 
onto scrap metallic iron. A priori, this mass sorption relation obviously points most likely 
to a predominance of precipitation/co-precipitation mechanism in both the NaCl and KCl 
systems rather than adsorption to infinite site densities. The results of the addition of 
arsenic in molar concentrations ratio to uranium varying from 0 to 2 with arsenic 
concentrations increased within the range of 1µM (0.075 mg/L) to 100µM (7.5 mg/L) 
with uranium concentration kept constant at 50µM (11.9 mg/L) is portrayed in figure 
4.10. For arsenic to uranium molar ratio inferior to 1, the sorption behavior of uranium 
seems to be discrepant in both the NaCl and the KCl systems compared to the rest of the 
curve which shows a plateau beyond the 0.5 arsenic to uranium molar ratio. 
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Figure 4.10: Comparative sorption of uranium onto scrap metallic iron from 0.01M NaCl 
and 0.01M KCl background electrolyte solutions spiked with arsenic to uranium molar 
ratio varying from 0 to 2. The arsenic concentrations increased within the range of 1µM 
(0.075 mg/l) to 100µM (7.5 mg/l) with a constant uranium concentration of 50µM 
(11.9mg/l)  
 
 
The insert of figure 4.10 clearly suggests that in 0.01 M KCl system, uranium removal is 
at its maximum starting at arsenic to uranium molar ratio of one. At arsenic to uranium 
molar ratio close to or less than 0.08, the system with 0.01M NaCl uranium removal is 
better. However, this system also shows fixation efficiency with decreasing trend for 
arsenic to uranium ratio ranging around 0.001 to 0.008. Again, on the whole precipitation 
or co-precipitation of uranium with arsenic is probably the main removal mechanism in 
the plateau region of the curve as opposed to adsorption which might control uranium 
behavior at lower concentrations ratio.  
 
4.1.1.2.2 Upgrading a Natural Water  
Experimental Identification of Sorption Mechanisms 
 
 117 
The upgrade of the concentrations of the Schneckenstein Uranium Tailing (SUT) leachate 
PNP9 from 1μM to 100μM for respectively uranium alone, arsenic alone and at equal 
molar concentration for both uranium and arsenic are presented in figures 4.11 and 4.12.  
 
Uranium behavior in contact with scrap metallic iron is clearly different in the upgraded 
SUT leachate compared to systems based on background electrolytes NaCl and KCl 
solutions. Uranium is slightly much more removed from water when arsenic is upgraded 
alone compared to the upgrade of uranium which yields the least uranium removal 
efficiency. The upgrade of both uranium and arsenic yield a slightly higher uranium 
removal efficiency compared to the upgrade of uranium alone or arsenic alone.  
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Figure 4.11: Comparing uranium sorption behavior onto metallic iron resulting from the 
upgrade of uranium, arsenic and both uranium and arsenic content of the Schneckenstein 
leachate PNP9 
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Figure 4.12: Normalization to uranium atomic mass of the comparative sorption of 
uranium onto scrap metallic iron from the upgraded uranium, arsenic and both uranium 
and arsenic concentrations of the Schneckenstein leachate PNP9 
 
The linear relationship of the upgraded chemicals and uranium uptake by scrap metallic 
iron as depicted in figure 4.12 seems to suggest the predominance of a precipitation/Co-
precipitation removal mechanism as in the case of background electrolyte systems NaCl 
and KCl. Yet uranium behavior in the leachate seems much more complex.  Uranium fate 
in the leachate seems to be related to its complex chemical composition particularly to its 
aqueous speciation compared to much simpler NaCl and KCl systems.  
 
Figure 4.13 shows the influence of the upgraded arsenic concentration of the 
Schneckenstein PNP9 leachate containing uranium at initial concentration C0 of 691µg/L 
to total arsenic content from 1µM (0.075 mg/L) to 100µM (7.5 mg/L) on both uranium 
and arsenic removals using scrap metallic fractional size made of 0.25-0.5 mm (25%) and 
0.5-0.8mm(75%). 
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Figure 4.13: The effect of the upgraded arsenic concentration on uranium removal from 
Schneckenstein leachate PNP9 
 
From around 40µM of the added arsenic, more than 95% of both uranium and arsenic are 
removed from solution. Figure 4.13 suggests that at higher concentrations, the addition of 
arsenic above its solubility limit breaks the system overall equilibrium. Thus, the system 
becomes prone to not only precipitation of arsenic alone but also co-precipitation of both 
uranium and arsenic starting around 40µM uranium (9.5 mg/L) and 40µM arsenic (3 
mg/L) which might have lead to the formation of sparingly soluble uranyl-arsenate solid 
compounds.  
 
Although such higher concentrations of uranium and arsenic have not been reported so 
far for leachates from the Schneckenstein site, still the tailings have the potential to it 
(Merkel et al. 1998, Naamoun, 2002, Gottschalk, 19979). Also, results of leaching 
experiment of the tailings under both anoxic and oxic conditions suggest the possibility 
Experimental Identification of Sorption Mechanisms 
 
 120 
of higher uranium and arsenic concentrations. Whether such higher concentrations can be 
observed in situ or not is much related on factors that include the tailings buffering 
capacity of the acidic rain, the prevalence of run off or infiltration, the tailings porosity, 
and water-tailings contact time. 
 
4.1.2 The Influence of the Solid Phase 
 
The influence of the solid phase on uranium sorption under the influence of arsenic was 
investigated in both static batch system and dynamic column system. The results of the 
static system are presented herein whereas the results of the dynamic system are 
presented in the following section as transport.  
 
Batch sorption experiments were necessary to further explore, simultaneously, the role of 
K, the effect of U-As concentration as well as the influence of the solid phase on uranium 
behavior.  
 
These batch sorption experiments were carried out as those presented in the manuscript 
using mostly a background electrolyte but at much longer equilibration time spanning 
from 168 up to 500 hours as it appeared that precipitation/co-precipitation of U and As in 
sparingly soluble compounds such as KUO2AsO4 controls much of uranium behavior in 
the presence of arsenic.  
 
The experiments were conducted in 1/10 solid (2g) to solution (20mL) ratio using 25mL 
capped glass test tubes in duplicate. The initial solutions used in all these batch 
experiments were of either 0.01M KCl or 0.01M NaCl background electrolyte solutions 
spiked with U or U-As. The sorbents comprised scrap metallic iron, calcite mixed with 
scrap metallic iron at weight/weight ratio of 1/10, natural iron minerals and glass beads.  
Figure 4.14 illustrates the related initial aqueous speciation simulation at pH 4.5 
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Figure 4.14: Simulation of the aqueous speciation of the system 0.01M KCl based input 
solution compared to 0.01M NaCl background electrolyte solution containing both 50μM 
U-As at pH 4.5 
 
The speciation distribution suggests that under experimental conditions, most reactions at 
mineral water interface are controlled by UO2
+2
,
 
H2AsO4
-
 and the uranyl-arsenate 
complex UO2HAsO4 for both 0.01 M KCL and 0.01 NaCl background electrolyte 
solutions. Owing to the slightly equal amount of all major species in either 0.01M KCl or 
0.01M NaCl solutions, it is expected that pH dependent protonation/deprotonation 
reactions at sorption sites, and intrinsic behavior and reactivity of Na or K make the 
difference. Potassium (atomic number 11) is known somewhat to react faster in water 
than sodium (atomic number 19) located immediately above in the periodic table group 
IA. Thus, in 0.01 M KCl system for example, PHREEQC prediction of both uranium and 
arsenic fixation through the co-precipitation of the sparingly soluble KUO2AsO4 solid 
compound is likely a dominant removal mechanism. 
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4.1.2.1 The Role of Potassium on Uranium Removal Rate by Natural Iron minerals  
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Figure 4.15: The rate of uranium and arsenic fixation onto natural iron minerals.  Initial 
mono-component uranium or arsenic solution concentration amounts 50µM in 0.01M 
KCl at pH 4.5. 
 
Due to iron minerals high surface areas and ubiquity, they control the fate and transport 
of most metals including uranium and arsenic. Figure 4.15 portrays the rate of uranium 
and arsenic respective fixation on natural iron minerals. 
 
Figure 4.16 shows uranium and arsenic fixation rates in similar experimental setting as in 
figure 4.8 above but in bi-component 50µM uranium-arsenic spike in either 0.01M NaCl 
or 0.01M KCl solutions and shorter equilibration time up to 168 hours 
In a mono-component solution of 50µM uranium respectively arsenic in 0.01M KCl 
background electrolyte, both elements behave very differently with respect to the 
sorbents. This is an illustration of the typical discrepant behavior of uranium and arsenic 
reported in the literature. 
Experimental Identification of Sorption Mechanisms 
 
 123 
Almost the whole arsenic is immobilized by pyrite-calcite-ankerite and the reaction rate 
seems time independent whereas only more or less 78% of uranium is immobilized in 
similar conditions and the reaction seems rather slower and still in metastable state at the 
end of the 500 hours maximum equilibration time.  
0
5
10
15
20
25
30
35
40
45
50
0 50 100 150 200
Time (Hours)
S
o
rb
e
d
 U
ra
n
iu
m
 (
µ
M
)
U-As-KCl on
goethite-
quartz
U-As-KCl on
pyrite-calcite-
ankerite
U-As-NaCl on
goethite-
quartz
U-As-NaCl on
pyrite-calcite-
ankerite
42
43
44
45
46
47
48
49
0 50 100 150 200
Time (Hours)
S
o
rb
e
d
 U
ra
n
iu
m
 (
µ
M
)
 
Figure 4.16: Uranium removal rate by natural goethite-quartz and pyrite-calcite-ankerite 
from a solution of 0.01M NaCl and KCl spiked with 50µM U-As at starting pH of 4.5. 
In the other end, uranium is better immobilized by goethite-quartz than arsenic poorly 
does. While the first is in equilibrium around 200 hours, the latter seems not in 
equilibrium after 500 hours. By and large, this discrepant behavior of uranium and 
arsenic with respect to the studied adsorbents is probably related to both elements 
intrinsic properties with regard to surface complexation sites and charges. Although 
common iron oxide in aquifer systems, goethite is reported as a lesser adsorbent of 
arsenic on a per gram basis compared to ferrihydrite for example (Stollenwerk, 2003).  
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This relatively poor adsorption of arsenic on goethite is commonly explained by this 
mineral greater crystallinity. In this particular case and pH there might be lower 
concentrations of surface-complexation sites that can neutralize the major arsenic species 
H2AsO4
- 
. In contrast, the uranyl hydrolysis complexes adsorption by goethite seems very 
effective. Gabriel et al. (1998) suggest that uranium sorption in similar case occurs 
through the creation of inner surface complexes probably in identity coordination with 
surfaces iron centres. On the contrary, the higher adsorption of arsenic on pyrite-calcite-
anchorite (90%) and calcite (10%) is probably due mainly to the well known calcite 
higher arsenic adsorbing capacity. 
 
As noted by Stollenwerk (2003), carbonate minerals are probably the main control of 
arsenic aqueous concentrations. In fact calcite surface displays positive or negative 
charge respectively above or below its point-of charge that is reported by Foxall et al 
(1979) to occur at pCa=4.4. This property might explain why calcite can preferably 
adsorb metal anion species such as H2AsO4
- 
to metal cation species such as uranyl UO2
++
. 
This reason might also explain why uranium shows much lesser adsorption on pyrite-
calcite-ankerite (90%) and calcite (10%) that can also be explained by the formation of 
carbonato uranyl complexes known as much mobile. 
 
Figure 4.16 also pinpoints two main phases of uranium sorption on goethite-quartz under 
arsenic influence: a probable fast adsorption phase that goes on up to around 40 hours 
followed by a plateau that can most likely be precipitation related. Both curves suggest 
that pyrite-calcite-ankerite remove much more uranium for the first 16 hours than 
goethite-quartz does. Thus, the addition of arsenic which is better fixed on carbonate 
surfaces as illustrated in figure 4.15 enhances co-precipitation of uranium with adsorbing 
arsenate complexes. After 20 hours there is a slight decrease on the amount of uranium 
removed from solution that can be related to calcite dissolution and subsequent increase 
in uranium carbonato complexes which are much more mobile. Taken as a whole, figure 
4.16 insert not only indicates that the addition of arsenic promotes uranium removal by 
both minerals but also the fact that the removal is much more efficient in KCl 
background electrolyte solution than does NaCl. The reason for much uranium removal 
Experimental Identification of Sorption Mechanisms 
 
 125 
from KCl solution might be the faster reaction with water of K
+
 compared to Na. In fact 
both background electrolytes have in common the same content in major uranium and 
arsenic species and have the tendency to raise the pH through formation of NaOH and 
KOH when reacting with water. 
 
The sorption curves of the NaCl system in figure 4.16 shows a similar trend of uranium 
sorption in both goethite-quartz and pyrite-calcite-ankerite. It seems, however, the NaCl 
systems have not yet reached equilibrium even at the end of the week long equilibration 
time. Again as shown in figure 4.14 above, both systems U-As-NaCl and U-As-KCl 
starting solutions have similar major uranium and arsenic aqueous species. Therefore, 
difference in uranium fixation rate might only be explained at reactions at the interface 
water minerals. The Systems control is much more related to sorbent minerals intrinsic 
properties and partly to the reaction rate of Na
+
 versus K
+
 related species with water. 
Hence the likelihood of uranium co-precipitation within sparingly soluble solids such as 
KUO2AsO4 or its hydrated form abernathyite is probable for the KCl system. 
 
4.1.2.2 The Role of Potassium on the Rate of Uranium Fixation on Metallic Iron 
As expected and inferred from figure 4.17, freshly formed iron corrosion products 
remove uranium faster and more efficiently than well crystallized and aged iron minerals 
in similar experimental conditions. 
 
The removal of uranium in either background electrolyte 0.01 M NaCl or 0.01 M KCl 
solutions of the same ionic strength at pH 4.5 show similar rate curves pattern as 
expected. The similarity is particularly expressed by a kinetically controlled fast reaction 
rate at the beginning of the first 12 hours. This is probably due to the fact that both 
solutions contains uranyl UO2
2+
 as major species which seems at least at the beginning of 
the curve being reduced and precipitated by newly formed Fe
2+
 species. The last portion 
of the curve after more or less 50 hours reactive time shows a plateau suggesting the 
domain of chemical equilibrium and of the prevalence of precipitation/co-precipitation of 
the newly formed iron oxides with either uranium or arsenic. 
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Figure 4.17: Rate of 50µM uranium removal under 50µM arsenic influence as bi-
component spikes of respectively 0.01M KCl and 0.01M NaCl background electrolyte 
solutions at pH 4.5 equilibrated with metallic iron, and a mixture of metallic iron (90%) 
and calcite (10%). 
 
It is also the domain of non iron bearing minerals such as the solid KUO2AsO4 or its 
hydrated form abernathyite KUO2AsO4. 4H2O which is likely to precipitate considering 
the prevalence of UO2
+2
,
 
H2AsO4
-
 and the uranyl-arsenate complex UO2HAsO4
 
in 
solutions. Both NaCl and KCl solutions also show in between both curves first and third 
portions, a transitional or second portion where surface sites seem to show much 
preference of uranium from the 0.01M NaCl solution rather than the 0.01M KCl solution. 
The reason for this preference is unclear except the fact that the portion is probably the 
domain where reductive precipitation, adsorption and probably also precipitation/co-
precipitation co-exist and control the system. 
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Furthermore, carbonates are known to be not only ubiquitous but also a major control of 
most hydrogeochemical reactions as does iron. Similar to the previous experiments and 
related discussion presented above, it was also important to consider the addition of 
calcite and how it can affect uranium removal. In fact, the addition of 10% calcite to the 
system presented in figure 4.17 suggests a slightly slow uranium removal rate and 
efficiency particularly for the 0.01M NaCl solution. Figure 4.17 also reveals that the 
system 0.01M NaCl is less favorable to uranium fixation than its counterpart system 0.01 
M KCl. Up to a week after the reactions started; it seems still not reached chemical 
equilibrium. On the contrary also, figure 4.10 seems to add in evidence already inferred 
from figures 4.16 on the fact that the addition of calcite in the system 0.01M KCl 
containing uranium and arsenic at higher concentration such as 50µM U-As promotes 
uranium removal rather than decreases it. The latter is particularly the case in mono-
component uranium system where calcite dissolution rather enhances the formation of 
carbonated uranium species lesser prone to fixation by iron oxide surfaces. The reason 
might simply be found on the hypothesis that uranium is not thermodynamically a good 
electron acceptor in a system where Ca-UO2-CO3 complexes are prevalent. In fact, the 
mere presence of Ca has been shown to even inhibit the U(VI) reduction by well known 
uranium scavenger micro-organisms such as the facultative Shewanella putrefaciens 
(strain CN32) and the obligate (Desulfovibrio desulfuricans) and Geobacter 
sulfureducens anaerobic bacteria ( Brooks et al 2003). 
 
The enhancement of uranium fixation under the influence of 50µM As in the 0.01M KCl 
system where Ca-UO2-CO3 complexes might be induced by calcite dissolution is not fully 
elucidated. The Ca-CO3 system might better promote the co-precipitation of arsenic and 
of uranium through sparingly soluble uranyl-arsenate minerals. In order to ensure 
whether the hypothesis of apparent greater K promoted uranium better removal also hold 
at different uranium or uranium-arsenic concentrations, a new set of experiments resulted 
in figures 4.18, 4.19 and 4.20. 
 
4.1.2.3 The Role of Potassium and the Influence of Arsenic Concentration on 
Uranium Fixation on Metallic Iron 
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Figure 4.11 clearly shows that calcite addition inhibits the overall uranium fixation from 
both 0.01 M NaCl and 0.01M KCl with a steady decreasing trend with increasing 
uranium input concentrations starting around 2μM.  
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Figure 4.18: Comparative removal of uranium for initial concentrations varying from 
1μM (0.238 mg/L) to 100μM (23.81 mg/L) in 0.01M NaCl and 0.01M KCl background 
electrolyte solutions in contact with respectively scrap metallic iron alone or mixed with 
10% calcite (staring solution pH of 4.5) 
 
In addition to the much greater mobility of carbonato uranium species that might have 
been formed through calcite dissolution, there is also the calcium itself as plausible 
competing metal for the same surface sites that might have otherwise adsorb uranium. 
The results of the addition of arsenic in molar concentrations ratio to uranium varying 
from 0 to 2 for arsenic concentrations increasing within the range of 1µM (0.075 mg/L) 
to 100µM (7.5 mg/L) with uranium concentration kept constant at 50µM (11.9 mg/L) is 
portrayed in figure 4.20. Also, the week long equilibration time under experimental 
conditions that resulted in figure 4.20 seems to promote uranium removal more 
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efficiently (more than 98%) in the systems that contained calcite under both 0.01 M NaCl 
and 0.01M KCl. Precipitation or co-precipitation of uranium with arsenic and related 
carbonated species is probably the main removal mechanism. 
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Figure 4.19: Normalization to uranium atomic mass of the comparative removal of 
uranium concentrations varying from 1μM (0.238 mg/L) to 100μM (23.81 mg/L) in 
0.01M NaCl and 0.01M KCl background electrolytes in contact with respectively scrap 
metallic iron alone or mixed with 10% calcite ( starting solution pH of 4.5) 
On the contrary, the systems with scrap metallic iron alone as solid phase, in particular in 
the experimental setup where potassium was present as 0.01 M KCl, uranium removal is 
at its maximum starting at arsenic to uranium molar ratio of one. At arsenic to uranium 
molar ratio close to or less than 0.08, the system with 0.01M NaCl uranium removal is 
better. However, this system also shows fixation efficiency with decreasing trend for 
arsenic to uranium ratio ranging between around 0.001 to 0.008. 
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Figure 4.20: Removal of uranium from 0.01M NaCl and 0.01M KCl background 
electrolyte solutions whereby arsenic to uranium molar concentrations ratio varies from 0 
to 2. The arsenic concentrations increased within the range of 1μM (0.075 mg/L) to 
100μM (7.5 mg/L) with uranium concentration kept constant at 50μM (11.9 mg/L). The 
solid phase comprised respectively scrap metallic iron alone or mixed with 10% calcite in 
contact with solution of initial pH of 4.5 
 
Taken as a whole, figure 4.20 suggests that in the systems without calcite under 0.01 M 
NaCl or 0.01 M KCl, uranium fixation is dependent to arsenic to uranium molar ratio. 
The probable role of K in enhancing uranium removal is much more prominent in the 
system without calcite and starting at arsenic to uranium molar ratio of unity. 
 
Overall, as further shown on figure 4.21 of a week long batch sorption on materials such 
as glass beads and sand that could have been considered as controls and on figures 4.14 
to 4.20, potassium of the background electrolyte solution plays a catalyzing role in 
promoting uranium uptake from systems where uranium and arsenic are present at 
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concentration above the solubility product of sparingly soluble uranyl-arsenate 
precipitates. 
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Figure 4.21: Arsenic enhanced uranium removal from water only, from water in contact 
with glass beads and from water in contact with Frechen sand at initial pH of 4.5 and 
concentration of 50 μM U or 50 μM U-As at different ionic strengths. 
  
At equal ionic strength 0.01M KCl of the background electrolyte solution, uranium alone 
clearly sorbs the least in all systems but glass beads.  In the presence of arsenic, the glass 
beads fix much more uranium from both 0.01 M KCl and 0.01 mM KCl based solutions 
than in water only and Frechen sand systems. Glass beads seems an efficient uranium 
scavenger mainly through adsorption whether in contact with uranium dissolved in 0.01 
M KCl solution alone or even much better uranium removal in the presence of arsenic 
which might enhance both adsorption and co-precipitation onto glass beads surfaces.  
 
4.1.3 Transport at High Concentrations 
4.1.3.1The Effect of Water Composition  
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As aforementioned, generally the comparison of experimental results from the static 
batch systems above and the dynamic column systems herein is not straightforward. This 
is due to the additive effects of the advective, dispersive and diffusive physical mass 
transport and related chemical transfer processes.  
Thus, column results are presented in the same format of uranium removal efficiency as 
per batch results rather than the usual breakthrough curves for comparability reason. 
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Figure 4.22: Uptake  effectiveness of uranium from respectively  0.01M NaCl 
background electrolyte solution compared to 0.01M KCl background electrolyte solution 
spiked in either case with 0.05mM of uranium and arsenic at initial pH 4.5 pumped in a 
40 cm column packed with Frechen sand (90%) and scrap metallic iron (10%)   
The systems depicted in figure 4.22 compares uranium removal in two identical 40 cm 
height and 2.4 cm diameter Plexiglas column packed with Frechen sand (90%) and scrap 
metallic iron (10%) flushed with respectively 0.01M NaCl and 0.01M KCl background 
electrolyte solutions spiked with 0.05mM U-As at initial pH 4.5. Similarly, the results 
presented in figure 4.23 assess both uranium and arsenic removal from the much more 
chemically complexed and 0.05mM U-As upgraded Schneckenstein Uranium Tailings 
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leachate PNP9 respectively Frechen sand and a mixture of Frechen sand (90%) and scrap 
metallic iron (10%). 
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Figure 4.23: Removal effectiveness of uranium and arsenic from Scheneckenstein 
Uranium Tailings PNP9 leachate upgraded to 0.05mM uranium-arsenic at near neutral 
pH in contact with respectively Frechen sand alone and a mixture of Frechen sand (90%) 
and scrap metallic iron (10%) 
In all four columns where scrap metallic iron is present, the fixation of uranium is almost 
total with however a slightly lower position of the 0.01M NaCl related curve with respect 
to others and to the 0.01 M KCl in particular. Whether potassium has a particular role in 
the fixation of uranium in columns where scrap metallic iron is present is difficult to 
establish in a dynamic system considering the similarity of major uranium and arsenic 
species in both background electrolyte solutions NaCl and KCl.  
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Similarly, in the column that contained only washed sand; the fixation of uranium up to 
90-95% of its initial load may mainly be related to the biosorption on the consortium of 
micro-organisms inoculated in the column. In fact this column was leached with influent 
water from the tailings upgraded to 0.05mM uranium-arsenic with a continuous parallel 
feed of 1mM glucose as the biomass carbon source. Uranium tailings in the eastern 
Germany have been found to mainly contain bacteria with the potential to biotransform 
metals including uranium (Selenska-pobel, 2002). These authors used Polymerase Chain 
Reaction (PCR) and the traditional bacteria culture approach in uranium waste piles 
across the German states of Saxony and Thuringia have come to the conclusion that in all 
uranium wastes investigated, predominant bacteria groups are mainly those known to 
biotransform metals. For this column, the hypothesis of precipitation/co-precipitation of 
uranyl arsenates compound could not be checked with PHREEQC due to convergence 
failure mainly related to arsenic species thermodynamic data base limitations. This result 
suggests the likelihood of natural attenuation potential of the uranium tailings. In 
addition, dilution with the continuous use of 1mM glucose at the average same pumping 
rate of 0.16 mL/minute is equally important to mention. 
 
4.1. 3.2 The Influence of the Solid Phase  
The experiments depicted in figures 4.24a and 4.24b reports on the influence of the solid 
phase on uranium removal from a 0.01M KCl background electrolyte solution spiked 
with 0.05 mM U-As onto a variety of solid phase surfaces as well as on the related 
changes on proton activity. As previously observed in similar experiments described 
above, uranium removal in the presence of arsenic seems to be much greater than 
expected for all systems.  However, in what was supposed to be a control column (1) 
containing 50% quartz sand and 50 glass beads, the more than 90% average removal of 
uranium can not be explained by its retention in glass beads and Frechen surfaces or 
filters alone. The only plausible explanation is the precipitation of uranium and arsenic 
through uranyl-arsenate sparingly soluble compounds such as abernathyite as predicted 
by PHREEQC simulation. 
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Figure 4.24a: Comparing uranium fixation onto various sorbents from 0.01M KCl 
solution spiked with 0.05mM uranium-arsenic at initial pH of 4.5 
 
Figure 4.24a shows three main trends. The first comprises a set of almost linear curves 
for the columns 2, 3, 4 and 5 that have in common their contents with 10% of scrap 
metallic iron. Under experimental conditions, this quasi linearity of the curves suggests 
that the instantaneous immobilization of uranium is mainly controlled by scrap metallic 
iron and resulting corrosion products adsorbing surfaces. Thus, the influence of the 
additional sources of iron respectively pyrite in column 3 and goethite in column 4 is not 
compelling. Calcite however, has played its buffer role in column 3 as it can be inferred 
from the pH curves (figure 4.24b). Otherwise, the oxidation of pyrite could have 
ultimately resulted in a much more acidic medium and hence lesser immobilization of 
uranium.  
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Figure 4.24b: Comparing final pH of column effluents from the experiments designed to 
assess uranium fixation onto various sorbents in contact with 0.01M KCl background 
electrolyte solution spiked with 0.05mM uranium-arsenic at initial pH of 4.5 
 
Also, relevant batch sorption experiments conducted by mixing respectively mono-
component 0.05 mM solution of uranium/arsenic in 0.01 M KCl background electrolyte 
solution with the same goethite and pyrite-calcite have shown discrepant behavior of 
uranium and arsenic fixation (figure 4.15). Goethite favored uranium rather than arsenic 
whereas pyrite-calcite fixed arsenic much better than uranium. In bi-component 0.05 mM 
U-As solution, the observed higher uranium fixation was attributed in part to its 
precipitation/co-precipitation in sparingly soluble uranyl-arsenate compounds. 
Furthermore, pH variation curves for all the five columns containing scrap metallic iron 
and corrosion products show a trend of effluents water varying from alkaline to near 
neutral towards the end of the experiments. The observed prevalence of measured redox 
potentials ranging from 150eV to rarely -20eV in those columns may have led to 
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adsorption and/or co-precipitation of uranium on iron corrosion products as plausible 
uranium mechanisms responsible of uranium immobilization. Reductive precipitation 
scenario while possible seems however, unlikely.  There was no evidence of UO2(s). 
 
In order to further assess the influence of arsenic on uranium mobility, similar 
experiments were conducted with uranium and arsenic in molar ratio 1:2 (0.05 mM U: 
0.1 mM As) and 2:1 (0.1 mM As: 0.05 mM U) which also favored precipitation/co-
precipitation as major uranium removal mechanism of uranium on scrap metallic iron and 
corrosion products.  
 
Overall, while scrap metallic iron and corrosion products play the major role in possibly 
reducing and adsorbing uranium, precipitation/co-precipitation of sparingly soluble 
uranyl-arsenate compounds such as the KUO2AsO4 may partly explain the fixation of 
90% to 95% of uranium in the control column (column 1) as predicted by a PHREEQC 
(Parkhurst and Appelo,1999) simulation. Glass beads alone which made up 50% of 
column 1 can not reduce uranium concentrations up to 90% of the initial input. 
 
4.1.3.3 Leaching and Transport at Anoxic and High Influent Discharge Conditions 
The results of the combined leaching of 80cm height and 10cm diameter PVC columns  
1, 2 and 3 packed with uranium tailings (10% w/w) and Frechen sand (90% w/w) with a 
reactive scrap metallic iron barrier at the top and the subsequent mass transport under 
nitrogen induced anoxic conditions are presented in table 4.1.  
 
A table presentation is herein preferred to the more traditional breakthrough curves. A 
reason for this choice is the uneasy integrated comparison and interpretation owing to the 
discontinuity mode of pumping the columns and the resulting instability of the measured 
redox potentials as illustrated in figures 4.25b, 4.26b and 4.27b.  
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Table 4.1: Columns effluent concentrations (n.d. stands for not detected) 
Port-Sample Column 1 Column 2 Column 3 
  U (μg/L) As (μg/L) U (μg/L) As (μg/L) U (μg/L) As (μg/L) 
              
P3-1 n.d 1.82 10.98 121.37 10.98 n.d 
P3-2 5.49 11.78 10.98 154.36 n.d 2.15 
P3-3 5.49 1.12 5.49 169.11 5.49 2.15 
P3-4 5.49 1.92 5.49 132.95 10.98 11.80 
P3-5 5.49 0.38 10.98 139.97 5.49 7.44 
              
P2-1 21.96 90.13 186.63 259.86 65.87 160.23 
P2-2 16.47 23.02 197.61 294.65 43.91 108.15 
P2-3 16.47 27.75 170.17 183.03 38.42 39.26 
P2-4 27.45 61.77 208.59 486.04 49.40 35.07 
P2-5 38.42   120.76 418.40 54.89 38.88 
              
P1-1 27.45 n.d 307.40 3527.19 21.96 37.29 
P1-2 27.45 33.06 49.40 1264.07 21.96 105.93 
P1-3 27.45 12.73 164.68 480.20 27.45 67.55 
P1-4 16.47 n.d 87.83 630.34 27.45 49.84 
P1-5 27.45 n.d 159.19 599.27 21.96 46.76 
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Figure 4.25a: pH and temperature of the effluent solution from column 1  
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Figures 4.25a, 4.26a and 4.27a show temperature and pH evolution in the effluents of the 
columns 1, 2, 3 as measured in the flow through cell at the outlet of the sampling port 3.  
Despite the small contact time between the leaching distilled water and the tailings as it 
can be inferred from the high average discharge of 50mL/min of the effluent, yet table 
4.1 shows that arsenic was slightly much mobilized than uranium as measured from 
samples collected at the columns bottom port 1 and middle port 2 under anoxic condition 
generated by the nitrogen gas used to pump water from bottom to top at an average 
pressure of 0.2 bar. Water samples collected at ports 1 and 2 of column 2 show higher 
uranium and arsenic concentrations compared to columns 1 and 3. 
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Figure 4.25b: Bulk redox potentials of the effluent water from column 1 
 
This discrepancy in uranium and arsenic mobilization by the leaching distilled water of 
3μS/cm is chiefly related to the fact that much of uranium was removed from the tailings 
during the actual mining and milling. It may also be related to the slight difference in the 
biogeochemical composition of tailings in column 1 and 3 which originated from  IAAI 
whereas tailings in column 2 was drilled in the IAAII side of the Schneckenstein 
Uranium Tailings site.  
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Figure 4.26a: pH and temperature of the effluent water from column 2 
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Figure 4.26b: Bulk redox potentials of the effluent water from column 2 
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Figure 4.27a: pH and temperature of the effluent water from column 3 
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Figure 4.27b: Bulk redox potentials of the effluent water from column 3 
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Worth mentioning that pH curves of the three columns suggest that in column 1, the 
neutrality of the influent water was unchanged at the column outlet while in columns 2 
and 3 the effluent turned alkaline. 
 
In addition to slight differences in the biogeochemistry of the tailings, the difference in 
the configuration and subsequent reactivity of the scrap metallic iron might also have 
influenced the pH of the treated water. In fact in column 1, scrap metallic iron was 
packed in a distinct homogeneous layer covered by filter and gravel pack both at the top 
and bottom whereas in column 2 and 3, a similar mass of scrap metallic iron was instead 
mixed with sand.     
 
Despite the quite short contact time between the uranium and arsenic contaminated 
leaching solution and the scrap metallic iron filling of the reactive barrier, table 4.1 
suggests that in all three columns  both contaminant concentrations were reduced at least 
two folds in magnitude compared to their concentrations at sampling ports 1 and 2 prior 
to entering the reactive zone. In addition, since all the selected water samples for uranium 
and arsenic analyses were collected when anoxic conditions were fully re- established 
and maintained, it can be speculated that uranium or arsenic or even both of them were 
partly removed from solution in their reduced forms. A reductive sorption mechanism of 
uranium by Fe(0), the structural Fe(II) or even molecular hydrogen might have been the 
main mass exchange process in the three columns between the contaminated solution and 
the reactive material. The influence of arsenic on uranium behavior through exchange 
mechanism such as precipitation/co-precipitation of both uranium and arsenic is possible 
but difficult to confidently establish solely based on results presented in table 4.1. 
Besides, the diffusion effects induced by halting and resuming leaching further 
complicate the systems. 
 
4.1.4. Sorption Isotherms at Low Concentrations 
4.1.4.1. The Influence of Water composition  
The sorption experimental results conducted at initial pH of 4.5 of a 0.01 M NaNO3 
background electrolyte solution spiked with low concentrations spanning from 0 to 5 μM 
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of either uranium alone or a bi-component uranium-arsenic are hereby compared 
simultaneously with respect to both water composition (30mL) and the solid phase (0.6g).  
 
4.1.4.1.1 Sorption Isotherms on Quartz Sand d’Alsace 
The sorption isotherms depicted throughout as sorbed either uranium or arsenic (μM/g) as 
a function of the respective concentration at equilibrium (μM) do  show different shapes  
seemingly much more related to  the sorbent rather than to the water composition. Within 
a 10% experimental error, uranium isotherms on quartz sand d‘Alsace for instance show 
similar behavior whether alone or in the presence of arsenic.  
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Figure 4.28a: Comparison of isotherms of uranium sorbed onto quartz sand d‘Alsace 
from 0.01 M NaNO3 spiked with 0 to 5 μM of mono-component uranium or bi-
component uranium –arsenic  
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Three different behavioral patterns are distinguishable from the plots in figure 4.28a: a 
straight line portion with increasing concentration of the sorbed uranium for uranium 
equilibrium concentration below 1μM. This positive trend seems reversed between 1μM 
and 3μM before heading upwards again from 3μM in a convex shaped trend. 
Arsenic behavior onto quartz d‘Alsace in mono component or bi-component uranium-
arsenic is quite similar. As shown in the insert on figure 4.28b, the amount of arsenic 
sorbed onto quartz d‘Alsace surface increases in a straight line trend up to around 3μM 
before seemingly reaching a plateau to complete a Langmuir type shape which suggests a 
decrease in the number of sorption sites as the amount of the sorbed arsenic increases.  
Overall, uranium and arsenic behaviors onto quartz sand d‘Alsace seems discrepant as 
seen from the comparison of figures 4.28a and 4.28b. Arsenic seems to possess slightly 
much affinity with quartz sand d‘Alsace than uranium. This discrepancy may be related 
to the mixed and complex effect of clays and oxy-hydroxides of Fe, Al and Mn natural 
coating at quartz sand d‘Alsace surface.  
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Figure 4.28b: Sorption isotherms of arsenic from 0.01 M NaNO3 spiked with 0 to 5 μM 
of mono-component arsenic or bi-component uranium-arsenic onto quartz sand d‘Alsace. 
The insert magnifies the linear portion of both isotherms.   
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Worth noting however, the somehow H curved shapes of uranium isotherms which are 
commonly interpreted as signature of inner-sphere complexation or strong Van der Waals 
interactions. 
 
4.1.4.1.2 Sorption Isotherms on Iron Coated Quartz Sand d’Alsace  
Sorption isotherms of either uranium or arsenic respectively alone in mono-component 
system or in bi-component uranium-arsenic solute systems onto iron coated quartz sand 
d‘Alsace in figures 4.29a and 4.29b are similar to those observed in figures 4.28a and 
4.28b for the natural quartz sand d‘Alsace. From this comparative perspective, it appears 
that the iron coating of quartz sand d‘Alsace has more or less tripled the amount of 
arsenic sorbed while only doubling the amount or uranium sorbed.    
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Figure 4.29a: Isotherms of uranium sorbed onto iron coated quartz sand d‘Alsace 
 
The influence of water composition seems only noticeable at the lower portion of less 
than 2μM equilibrium concentration of uranium isotherms (figure 4.29a). Uranium alone 
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seems slightly much better sorbed onto iron coated quartz d‘Alsace than in bi-component 
uranium-arsenic system where arsenic competition is a major control on uranium fate.  
 
Overall, artificially coating the quartz sand d‘Alsace with iron film from the synthetically 
prepared BASF goethite seems consistent with the aforementioned interpretation linking 
slightly higher affinity of arsenic to the effect of impurities in quartz sand d‘Alsace 
including oxy-hydroxides of Fe. It seems that iron is a major control on uranium fate in 
the presence of arsenic. At low concentration, competition of surface functional sites on 
natural quartz sand containing iron seems slightly favorable for arsenic rather than 
uranium.   
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Figure 4.29b: Isotherms of arsenic sorbed onto iron coated quartz sand d‘Alsace 
 
4.1.4.1.3 Sorption Isotherms on Scrap Metallic Iron  
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Figure 4.30a: Sorption isotherms of uranium onto scrap metallic iron. The solid lines 
illustrate the geometry of the isotherm trends.  
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Figure 4.30b: Sorption isotherms of arsenic onto scrap metallic iron 
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The influence of water composition on uranium or arsenic onto scrap metallic iron at low 
concentrations is not obvious. Sorption isotherms of either uranium or arsenic in their 
respective mono-component or bi-components rather exhibit quasi linear trends to 
Langmuir types of shapes (figures 4.30a and 4.30b). 
 
A linear sorption isotherm generally implies a constant partitioning between water and 
the solid phase. For the specific case of scrap metallic iron, it may be signing an 
increasing surface of iron corrosion products as sorption increases. 
 
4.1.4.2. The Influence of the Solid Phase  
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Figure 4.31a: Comparison of sorption behavior of uranium in contact with three different 
phases as a function of arsenic at equilibrium from a 0.01M NaNO3 background 
electrolyte solution spiked with a constant 2.5μM uranium and arsenic concentration 
ranging from 0 to 5μM at initial pH of 4.5. The insert magnifies uranium sorbed onto 
scrap metallic iron 
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Uranium fate onto quartz sand d‘Alsace, iron coated quartz sand d‘Alsace and scrap 
metallic iron under varying arsenic concentrations is reported comparatively in figure 
4.31a whereas arsenic sorption isotherms onto the same solid phases are presented in 
figure 4.31b.  
 
Although figure 4.31a is not a typical isotherm, it does show, however, that uranium 
sorption behavior seems much more controlled by the system content in iron and related 
functional groups.  
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Figure 4.31b: Comparison of sorption isotherms of arsenic as a function of the solid 
phase from a 0.01M NaNO3 solution spiked with a constant 2.5μM uranium and arsenic 
concentration ranging from 0 to 5μM. The insert magnifies arsenic sorption isotherm onto 
scrap metallic iron.  
 
Uranium affinity for the sorbing surface seems in decreasing order as scrap metallic iron 
>>>>iron coated quartz d‘Alsace> quartz d‘Alsace. Worth mentioning none to little 
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sorption of uranium onto quartz sand d‘Alsace which contain the least iron compared to 
iron coated quartz sand d‘Alsace and scrap metallic iron. Similarly, sorption isotherms of 
arsenic onto the three sorbents in systems with a constant uranium concentration of 
2.5μM also indicate the same order of affinity of arsenic to iron containing sorbents.  
 
Sorption isotherms  of arsenic in the presence of uranium onto the three sorbents are in 
general of linear to mostly Langmuir type as further illustrated in figure 4.31b insert 
showing the lower part of the isotherm on scrap metallic iron. 
 
4.1.4.3 The Effect of Iron Dissolution on Isotherms 
 
0.0
5.0
10.0
15.0
20.0
25.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Initial U/As (μM)
F
e
 (
μ
M
) U
As
U-As
Quartz sand d'Alsace
 
Figure 4.32a: Dissolved iron from quartz sand d‘Alsace as a function on the initial U, As 
or U-As input concentrations at pH 4.5 
 
Figures 4.32a, 4.32b and 4.32c contrast the initial concentration of the mono-component 
systems uranium or arsenic and the bi-component uranium-arsenic in abscissa versus the 
concentration of dissolved iron in the respective solutions in contact with each of the 
sorbents used in the isotherms.  
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Figure 4.32b: Dissolved iron from iron coated quartz sand d‘Alsace as a function of the 
initial U, As or U-As input concentrations at pH 4.5 
0.0
5.0
10.0
15.0
20.0
25.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Initial U/As (μM)
F
e
 (
μ
M
) U
As
U-As
Scrap metallic iron
 
Figure 4.32c: Dissolved iron from scrap metallic iron as a function of the initial U, As or 
U-As input concentrations at pH 4.5 
In figure 4.32d, the amount of dissolved iron from each of the sorbents namely quartz 
sand d‘Alsace, iron coated quartz sand d‘Alsace and scrap metallic iron is compared to 
the initial arsenic input concentration for a fixed initial uranium concentration of 2.5μM. 
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Figure 4.32d: Comparison of the amount of dissolved iron from the three sorbents as a 
function on the initial As input concentration for a constant uranium concentration of 
2.5μM at pH 4.5 
 
The effect of dissolved iron in both uranium and arsenic behavior as depicted in the 
related isotherms above is not apparent in terms of perceivable specific trends when each 
of the figures is analyzed alone. However, figures 4.32 series clearly indicate that the 
concentrations of dissolved iron are higher in scrap metallic iron systems followed by 
quartz sand d‘Alsace.  The iron coating film on iron coated quartz sand d‘Alsace inhibits 
iron dissolution from the relatively iron rich quartz sand d‘Alsace. Thus, iron dissolution 
perceived comparatively with respect to isotherms above seems to indicate that the more 
iron rich is the system the better uptake of uranium and arsenic from solution. This 
observation suggests the plausibility of adsorption of uranium onto oxy/hydroxide of iron 
surfaces or co-precipitation of both uranium and arsenic with precipitating iron.  
 
4.1.5 Competitive Uranium Transport at Low Concentrations 
Figure 4.33 to figure 4.37 depict the behavior of both uranium and arsenic based on 
reactive transport experiments conducted at low input concentrations in a 20cm height 
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and 2.4cm diameter Plexiglas column filled with quartz sand d‘Alsace to achieve a 
porosity of 0.33.  
 
Table 4.2: pumping steps of the influent solution 
Pumping steps Uranium (μM) Arsenic (μM) As/U ratio 
Conditioning 0 0  
1 2.5 μM 0 0 
2 2.5 μM 1.25 μM ½ 
Desorption/Reconditioning 0 0  
3 2.5 μM 2.5 μM 1 
4 2.5 μM 5 μM 2 
Desorption 0 μM 0 μM - 
 
The leaching solution based on 0.01M NaNO3 background electrolyte solution was 
pumped into the column in 4 steps (table 4.2) excluding the preliminary conditioning, 
tracer test and desorption/reconditioning steps.  
 
Noteworthy on all resulting figures from 4.33 onwards to 4.37 is the column 
desorption/reconditioning step clearly visible with the discontinuity of both uranium and 
arsenic breakthrough curves around 270 pore volumes. Column reconditioning was 
carried out at the end of the second pumping step at higher pumping rate of 5ml/minute 
for about 20 pore volumes of the 0.01M NaNO3 background electrolyte solution free of 
either uranium or arsenic   
 
As illustrated in figure 4.33, uranium transport at low concentration is seemingly 
dependent mainly on adsorption on quartz sand d‘Alsace mineral surfaces rather than on 
precipitation/co-precipitation as it was the chief mechanism of uptake at higher 
concentrations. This interpretation is consistent with the fact that uranium breakthrough 
curve only shows a short stability portion between 100 and 130 pore volumes titrating 
around 2μM remaining in solution from a mono-component initial solution of  uranium at 
2.5μM while the remaining breakthrough curve fluctuates.  This fluctuation of the 
uranium breakthrough curve seems to be related to the influence of arsenic.  
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Figure 4.33: Uranium breakthrough from a competitive transport experiment using a 
0.01M NaNO3 background electrolyte solution spiked with 2.5μM of uranium with 
increasing steps of arsenic spanning from 0 to 5μM at initial pH of 4.5  
 
4.1.5.1 The Influence of Arsenic  
  
Arsenic breakthrough curve 4.34 unlike uranium clearly shows all the pumping steps 
conditions described in table 4.2 with however, a slightly lower concentration remaining 
in solution compared to the initial arsenic load. This arsenic breakthrough pattern seems 
to indicate that arsenic fate is much controlled by uptake on mineral surfaces rather than 
being influenced by uranium. Instead, the superposition of both uranium and arsenic 
breakthrough curves depicted in figure 4.28 seemingly indicate that arsenic influence 
uranium behavior.   
 
The insert on figure 4.35 corresponding respectively to the conditioning, the mono-
component uranium step and to the first bi-component uranium-arsenic solutions at As/U 
ratio of ½ prior to column desorption/re-conditioning clearly suggests arsenic discrepant 
behavior with respect to uranium.  
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Figure 4.34: Arsenic steps breakthrough from a  0.01M NaNO3 background electrolyte 
solution containing 2.5μM of uranium with arsenic concentrations ranging from 0 to 5 
μM at initial pH of 4.5 
 
Arsenic seems in competitive sorption with uranium rather than cooperative sorption as it 
was the case in higher concentration experiments. Arsenic in this case seems to be 
preferred than uranium on quartz sand d‘Alsace mineral surfaces which include more 
than 99% of quartz, around 1% of clay and traces of oxy-hydroxides of Fe, Mn and Al. In 
fact, a closer look at the insert on figure 4.35 shows arsenic attaining a  plateau  while 
uranium concentration increases up to close to 2.5μM corresponding to the initial input 
after more or less 250 pore volumes. After the first desorption/reconditioning step at 
higher influent discharge rate of 5mL/min, uranium behavior with respect to arsenic has 
almost reversed its course compared to the situation described in the insert. The effect of 
diffusion in and out the stagnant zones of the column due to the 
desorption/reconditioning step is worth mentioning. In fact, the plateau of arsenic after 
desorption corresponds to a brief stability of uranium followed by a continuous decrease 
of uranium in solution up to around 380 pore volumes. 
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Figure 4.35: Comparison of uranium and arsenic breakthroughs. The insert illustrates 
uranium and arsenic behaviors near the end of the second step of arsenic initial input at 
1.25 μM  
 
Thereafter, uranium concentration increased with arsenic up to around 450 pore volumes 
where both concentrations stabilize shortly. The last desorption step shows first an 
increase in uranium concentration while arsenic concentration decreases sharply.  
 
4.1.5.2 The Influence of Iron  
 
Dissolved iron curves depicted in figures 4.36 and 4.37 may in part explain both uranium 
and arsenic discrepant behavior described above.  Dissolved iron concentrations show 
ups and downs trends which correspond more or less to the evolution of the pumping 
scheme.   
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Figure 4.36: Iron dissolution from quartz sand d‘Alsace  
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Figure 4.37: Comparing iron dissolution pattern to uranium and arsenic breakthrough 
curves 
In fact dissolved iron in solution rises up from 1.5μM to around 3.75μM after about 159 
pore volumes. As illustrated in figure 4.37, this increasing trend of dissolved iron drops 
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thereafter at the beginning of the first arsenic plateau  while uranium concentration trend 
increases between more or less 150 and 270 pore volumes. Iron seems a major control of 
the discrepant behavior of redox sensitive uranium and arsenic.  
 
However, after the desorption/reconditioning step, the sudden flushing  of the dissolved 
iron out of the column together with uranium and arsenic may explain the rather erratic 
behavior of both uranium and arsenic which show an overall increasing trend while 
dissolved iron decreases.  
 
4.1.6 Concluding remarks 
This integrated discussion summarizes the main experimental results towards a 
mechanistic understanding of uranium sorption onto scrap metallic iron and minerals in 
the presence of arsenic at microscopic scale. In fact, the results from batch and columns 
clearly suggest that the fate of uranium alone or in the presence of arsenic varies as a 
function of water as well as of the solid phase compositions. As noted by Heron et al. 
(1994), groundwater composition and solid phase mineralogy play an important role in 
the reduction, adsorption and precipitation of uranium (VI).  
 Thus, in closing, relevant questions that should specifically be answered include: 
 What is, if any, the specific role of water composition in the fate of uranium in the 
presence of arsenic? 
 Is the presence of arsenic or any other metal/metalloid or even a ligand enhance or 
inhibit uranium sorption?  
 What are the major surface sites at the solid phases and the corresponding 
exchange mechanisms controlling the fate of uranium in the presence of arsenic?  
 Is it feasible to upscale the major laboratory scale observations to a general 
mechanistic model depicting uranium fate in the subsurface in the presence of 
arsenic?    
 
4.1.6.1 The Effect of Water Composition and the Influence of Arsenic 
The behavior of uranium in mono-component uranium systems and bi-component 
uranium-arsenic systems as observed from batch and column experiments is definitely  
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and primarily dependent on the complexity of water composition, that is, on the type of 
the predominant ligands, ionic strength, pH, competing metal/metalloids and on redox 
conditions.   
 
First and foremost is the dominant role of uranium speciation. In simple groundwater 
simulants based on 0.01M background electrolyte solutions of either KCl or NaCl for 
instance, the fate of uranium in mono-component uranium solution systems at a starting 
pH of 4.5 is largely dominated by its aqueous species uranyl UO2
+2
 and the hydrolyzed 
UO2OH
+
 species. Both species being linked in a protonation/deprotonation reversible 
mass action reaction shown in the Wateq4f thermodynamic database as: 
  HOHUOOHUO 22
2
2                                                                  2.5log K  
However, in similar redox and pH conditions but in the presence of arsenic, dominant 
species on the same simple water of 0.01M KCl/NaCl and alike include UO2
+2
,
 
H2AsO4
-
 
and the uranyl-arsenate complex UO2HAsO4. 
                                                     
Moreover, at relatively higher experimental concentrations of at least 50μM of either 
uranium/arsenic or both uranium and arsenic, adsorption of these species may be 
plausible at the very beginning of the equilibration time as a function of surface net 
charge but also limited in time by the availability of active  surface sites as uranium 
fixation takes place.   
 
Owing to the low solubility products of uranyl arsenate minerals such as abernathyite, the 
presence of cations such as K can enhance the formation of sparingly soluble uranyl 
arsenate solid compounds even at low concentration of at least 4.5μM onwards of both 
uranium and arsenic particularly  at pH=4.5 as predicted by PHREEQC.  
Thus, at pH=4.5 and relatively small to higher concentrations of uranium in simple 
surrogate water based on background electrolyte such as KCl, the presence of arsenic 
enhances uranium instability and hence promotes its immobilization.  
 
In addition, kinetic and sorption related experiments suggest that uranium fate in the 
presence of arsenic can be characterized as:  
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 pH dependent. While this dependency is also observed in the mono-component 
uranium systems, the presence of arsenic enhanced uranium uptake rate in 
particular at pH 3-5. This observation is consistent with PHREEQC simulations 
which predicted the climax of the dominant uranyl-arsenate species at pH 4.5. The 
fact that UO2HAsO4 is neutral hint to its precipitation/co-precipitation as major 
uranium removal mechanism. 
 Mono and divalent alkali and earth alkali spikes of mono component uranium or 
bi-component uranium-arsenic do not affect uranium overall fate within 10% 
experimental error. These cations are not competing and not prone to 
complexation. 
 Chloride, nitrate and sulphate based background electrolyte solutions spiked with 
uranium alone or both uranium and arsenic seems more prone to uranium removal 
than phosphate and carbonate systems. The addition of arsenic in uranium 
containing phosphate and carbonate systems seems to inhibit uranium removal. 
These observations are consistent with the fact that uranyl-carbonato and uranyl-
phosphato are strong and stable complexes. In general, uranium removal is much 
important when uranyl, arsenates, uranyl-arsenates and their respective 
hydrolyzed species dominate. 
 Ionic strength influence on uranium sorption behavior in the presence of arsenic 
seems less prominent than that of pH.  
 
Besides, redox conditions of the equilibrated water either oxidative or reductive impact 
uranium uptake mechanism as it can be inferred from the generic standards redox 
potential 0HE  in volts of selected couples reported below:  
02 2 FeeFe                                                                                    44.00 HE  
  23 FeeFe                                                                                   771.00 HE  
  422 2 UeUO                                                                               027.0
0 HE  
243 2 HAsOeAsOH 

                                                                    560.00 HE  
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Thus, Fe
0
 and Fe
2+
 can thermodynamically reduce U
6+
 to the less mobile U
4+
 despite the 
fact that the kinetic is slow and requires strong reducing conditions. Similarly Fe
0
 and 
Fe
2+
 can reduce As(V) to much more mobile As(3). Thus, in anoxic environment, 
Uranium and arsenic can be expected to show discrepant behavior particularly when 
precipitation/co-precipitation of both toxins is not the chief removal mechanism. 
 
However, on the experiments described on figures 4.25a through 4.27b, despite the 
nitrogen gas induced strong reductive conditions in the columns, while it is possible to 
speculate that uranium was sorbed in its reduced form, there is at this stage neither wet 
chemistry based analytical speciation evidence nor spectroscopic based speciation 
evidence to back up the claim other than the apparent lack of influence of arsenic on 
uranium and the discrepant behavior of both uranium and arsenic.  
 
Furthermore, water composition at higher and low concentrations has obviously different 
effects on the behavior of uranium alone or in the presence of arsenic. In fact varying 
concentrations of uranium alone or both uranium-arsenic in molar ratio in simple 
background electrolyte based solutions seemed prone to precipitation/co-precipitation as 
predominant removal mechanism. However, the behavior of uranium in upgraded natural 
water with much complex water composition seemed slightly different compared to 
background electrolyte solutions based systems and even discrepant to arsenic at low 
concentrations.     
 
At low concentrations, while uranium and arsenic speciation in NaNO3 experimental 
system match well with KCl based system used in higher concentration experiments, the 
observed behavior of uranium, however, cannot be described as prone to the formation of 
sparingly soluble uranyl-arsenate compounds or consider precipitation/co-precipitation 
alone as the main uptake mechanism.  Instead, a combination of adsorption and hence 
discrepant behavior of uranium with respect to arsenic and/or precipitation/co-
precipitation mechanism prevail depending on the net charge of the sorbate surface.  
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4.1.6.2 The Effect of the Solid Phase 
Uranium sorption in the presence of arsenic is also dependent on the sorbent surfaces. 
Expressed in terms of sorption efficiency, the removal of uranium in the presence of 
arsenic is in the order scrap metallic iron and corrosion products alone or mixed with 
sand >glass beads>>>natural oxy/hydroxide minerals> iron coated quartz sand d‘Alsace> 
Frechen quartz sand> quartz sand d‘Alsace.  With the exception of glass beads, this order 
suggests the prevailing role of iron.  This apparent order of removal efficiency also 
suggest the possibility of different active surface sites involved that must  be determined 
as well as the related sorption mechanisms. 
 
4.1.6.2.1 Scrap metallic iron 
Further inferences for actives sites and mechanistic discussion on sorption behavior of 
uranium in the presence of arsenic can be drawn first and foremost from the draft paper 
on the effect of background electrolyte composition aforementioned.  
 
The pH dependency of uranium sorption onto scrap metallic iron in both mono-
component uranium alone and bi-component uranium arsenic suggests competition 
between H
+
 and uranium prominent species UO2
+2
, UO2HAsO4   and UO2OH. Thus, the 
active sites involved are protonation/deprotonation reactions dependent surface sites of 
the type  2FeOH , FeOH  and
 FeO . While surface complexation is plausible as 
primary sorption mechanism at least for the very first few minutes of the sorption 
reaction until active sites saturation, the presence of arsenic rather trigger co-precipitation 
of uranium in sparingly soluble uranyl-arsenate compounds particularly at higher 
concentrations of both uranium and arsenic. At low concentrations, however, uranium co-
precipitation with arsenic might still be much favorable in conjunction with iron hydroxyl 
species or even with colloidal iron oxy/hydroxides.  
 
The ionic strength influence on uranium sorption onto scrap metallic iron has been 
observed as less apparent than the pH dependency even though a log-log plot reported as 
figure 3 above shows slight differences.  Thus, in both mono-component uranium alone 
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and bi-component uranium-arsenic, the formation of inner sphere surface complexes is 
plausible.  
 
The almost non effect of alkali and earth alkali metal cations as well as of inorganic 
ligands Cl
-
, NO3
-
 and SO4
-
 but PO4
-2
 and CO3
-2
 on the sorption behavior of uranium in the 
presence of arsenic is consistent with the slight ionic strength dependency suggesting the 
prevalence of precipitation/co-precipitation as the main removal mechanism. 
 
In contact with metallic iron and corrosion products mixed with calcite, the dissolved 
carbonates inhibit uranium removal in mono-component systems. In bi-components 
uranium-arsenic systems, however, uranium removal seems to be enhanced. Again, 
precipitation/co-precipitation of uranium along with arsenic carbonato species is probably 
the main uranium removal mechanism.   
 
At low concentrations of either uranium or both uranium-arsenic, however, uranium 
behavior seems dependent to iron content of the system. In the systems were scrap 
metallic iron was the sorbent, uranium removal showed no evidence of the influence of 
arsenic suggesting less prevalence of precipitation/co-precipitation sorption mechanism. 
Thus, complexation of uranium species with iron surfaces seems also important uptake 
mechanism as suggested by linear isotherms.  However, geochemical calculations with 
PHREEC predict over-saturation and hence precipitation/co-precipitation of uranium as 
sparingly soluble uranyl-arsenate starting as aforementioned at a concentration as small 
as 4.45μM of both uranium and arsenic for a initial pH of 4.5 of a surrogate water based 
in background electrolyte solution such as KCl, NaCl or NaNO3. 
 
4.1.6.2.2 Glass beads 
Glass beads revealed itself as a strong sorbent of uranium. The uptake of uranium seems 
to be controlled by adsorption onto its surfaces from mono-component uranium systems 
and, the combination of both adsorption and arsenic enhanced co-precipitation in bi-
component uranium-arsenic systems. 
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4.1.6.2.3 Natural oxy/hydroxide iron minerals 
In the presence of 50μM U-As, goethite-quartz outperformed pyrite-calcite-ankerite on 
the amount of uranium uptake whereas arsenic fixation was greater at pyrite-calcite 
surfaces than on goethite-quartz surfaces. As discussed above, this discrepant behavior of 
both uranium and arsenic can be related to their respective speciation respectively UO2
+2
, 
UO2HAsO4   and H2AsO4
-
 but also by redox controls. For instance, a three weeks long 
experience under anoxic conditions may ultimately result in reduced forms of uranium 
and arsenic which are known respectively as less mobile and mobile. 
 
Worth mentioning is the possibility of uranium reduction by pyrite at the early stage of 
the reactions as indicated in figure 4.8. The role of calcite as source of carbonate ligands 
necessary for the formation of highly mobile uranium carbonato species may explain that 
overall the system goethite-quartz remove much more uranium than the  pyrite-calcite-
ankerite  system. This observation is consistent with Kelly et al. (2005) and Bernhard et 
al.(2001) on the existence of Ca-UO2-CO3 complex and Ca2UO2(CO3)3(aq.) species. 
Thus, in natural systems and carbonated media, calcite may be a key control of uranium 
fate.  On the whole, precipitation/co-precipitation of uranium with iron and arsenic seems 
the dominant sorption mechanism. 
 
4.1.6.2.4 Iron coated quartz sand d’Alsace 
Iron coating quartz sand d‘Alsace preference of arsenic rather than uranium suggests that 
at low concentration there is a competition between uranium and arsenic for available pH 
dependent hydrolyzed iron sites for surface complexation. The coating film seems to 
inhibit the dissolution of natural iron minerals and hence minimizes the possibility of 
uranium co-precipitation along with iron and arsenic. Instead, net positively charged iron 
oxide film much attracts arsenic rather than uranium.  
 
4.1.6.2.5 Frechen quartz sand 
Frechen quartz sand active sites probably include =FeOH and =SiOH prone to surface 
complexation at low input uranium and arsenic concentration or both surface 
complexation and co-precipitation with the release of dissolved iron. Compared to quartz 
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sand d‘Alsace, Frechen quartz sand has a small surface area and hence with higher 
sorption capacity.  
 
4.1.6.2.6 Quartz sand d’Alsace 
Sorption isotherms conducted using quartz sand d‘Alsace suggests the possibility of the 
formation of inner sphere complexes with uranium in competition with arsenic which is 
much more preferred. However, due to this sand quite substantial iron content, co-
precipitation of uranium with iron and arsenic is a possibility. 
 
On the whole, a generalizing uranium sorption model onto scrap metallic iron and 
selected oxide minerals in the presence of arsenic is not straightforward owing to the 
wide range of parameters involved which include the preponderant role of water 
composition chiefly its speciation, redox conditions, and most importantly ligands, 
concentrations of solutes and densities and types of surface sites. 
 
4.1.6.3 A possible mechanistic model 
A plausible mechanistic hypothesis of uranium sorption in the presence of arsenic solely 
based on batch and column experiments can be drawn from the known behavior of both 
contaminants taking into account the results described and discussed above.  
 
In oxic and mono-component uranium systems in natural aquatic environment, sorption 
of the uranyl cation is known to increase with increasing pH whereas the sorption of 
H2AsO4
- 
which is the most dominant arsenic species in such environment decreases with 
increasing pH. Obviously in oxic environment, this discrepant behavior of both species 
can be related to both their opposite charges and on the net charge at the sorbate surface 
induced by protonation/deprotonation reactions.  Thus, for a fixed pH value of an aquatic 
system containing uranium or arsenic most dominant species, their respective behavior is 
expected to be controlled by the solution pH  and its position with respect to the sorbate 
point of zero charge (pzc) and the related net surface charge. 
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Worth mentioning that the point of zero charge of common iron oxy/hydroxides minerals 
used and generated by iron corrosion in most batch and column experiments are generally 
high such as pzc=8.5 for  Fe(OH)3, (Stumm and Morgan, 1996), pzc=9.3 for Goethite α-
FeOOH (Venema et al.1996) and pzc= 8.5 for Hematite α-Fe2O3  (Davis and Kent, 1990).  
In fact as aforementioned, sorption of uranium alone in contact with hydrous iron oxides 
developed onto scrap metallic iron or not is thought to take place according to each or the 
combination of the following equilibrium reactions defining a mechanistic pathway: 
 
Adsorption 
UO2
+2
 + Surface = [Surface- UO2
+2
] 
Reductive precipitation 
)(2
22
2
0
sUOFeUOFe 

                                                                                 
)(2
3
)(
2
2
2
)( 22 sss UOFeUOFe 

   
Under strong anoxic conditions, metallic iron corrosion results in the production of 
molecular hydrogen which is also thermodynamically able to reduce U(6) to U(4). 
 
Precipitation/co-precipitation 
)(23
2
2 2.2 sOHUOOHUO 

 
A possible mechanistic pathway for uranium sorption onto scrap metallic iron and 
similarly to iron oxy/hydroxides in oxic conditions is indeed mostly solution pH and 
speciation controlled.  
In fact, in the case of scrap metallic iron as sorbent, zero valence iron undergoes first a 
two steps reaction mechanism towards iron oxy/hydroxides as corrosion products whose 
quantity depend on the hydration time.  
  OHFeOHOFe 2
2
1 2
22
0  
  HOHFeOHOFe s 2)(
2
5
4
1
2 )(322
2
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The generic Fe(OH)3(s) and related iron corrosion products such as α-, β-FeOOH, FeO. 
Fe2O3 and Fe2O3 in contact with water at pH=4.5 exhibit net positive surface charge 
prone to anion adsorption such as H2AsO4
- 
rather than UO2
+2
 except at the pzc where 
both ions can be adsorbed.  However, adsorption as removal mechanism seems to have 
played a minor role compared to precipitation/co-precipitation of uranium as uranyl 
arsenates sparingly soluble compounds or with iron oxy/hydroxides.  
 
Uranyl-arsenate species given by Rutsch et al. (1997) such as UO2HAsO4 have generally 
higher stability constants K values compared to uranyl and common hydrolyzed uranium 
and arsenic species. Thus, uranyl-arsenates are comparatively less stable in aqueous 
solutions 
)( 42
2
4
2
2 HAsOUOHAsOUO 

                                                        76.18log K  
  HHAsOAsOH 2442                                                                     76.6log K  
Therefore, in the presence of arsenic, thermodynamically favorable surface complexation 
models of the bi-component uranium-arsenic on surface with net positive charges could 
be dominated preferably by arsenates.  
H2AsO4
-
 + Surface = [Surface- H2AsO4
-
] 
However, uranyl and the hydrolyzed uranium complexes and uranyl-arsenates may most 
likely precipitate/co-precipitate or even adsorb onto pH shift induced net negative 
charged surfaces: 
UO2
+2
 + Surface = [Surface- UO2
+2
] 
UO2OH
+
 + Surface = [Surface- UO2OH
+
] 
UO2HAsO4   + Surface = [Surface- UO2HAsO4] 
 
4.1.6.4 Hydrogeochemical Simulations  
 
Surface complexation modeling of experimental data is routinely carried out in most 
published sorption studies in main stream peer reviewed journals. As aforementioned, 
however, thermodynamic database still a limiting factor in hydrogeochemistry modeling 
since it is critically dependent on the reliability of chemical reactions and related 
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thermodynamic constants in the database (Nietzsche et al. 2002; Appelo and Dimier, 
2004).   
 
In aquatic systems containing arsenic, however, this modeling exercise is even harder and 
not straightforward (Merkel, 2004). The simulation of arsenic containing aquatic systems 
using surface complexation theory still in many instances virtually impossible due to 
incomplete thermodynamic database (Appelo et al. 2002) for ion Cl
- 
containing systems 
in particular (Merkel, 2004).  
 
In addition, surface complexation models assume homogeneity of surface functional 
groups and hence are commonly applied to well defined and often surrogate synthetic 
oxides. This exercise requires either the combined use of surface complexation models 
such as FITEQL 4.0 (Herbelin and Westall, 1999) and PHREEQC (Parkhurst and 
Appelo, 1999) or the approximation of surface complexation constants using the Linear 
Free Energy Relationships (LFER) to complement the Dzombak and Morel databases 
embedded within PHREEQC.    
 
I this latter regard, the Wateq4f database have been chosen for the following modeling 
exercises due its consistency with published uranium databases but also contain the 
recent update with Nordstrom (2002) thermodynamic data for arsenic species. Besides, 
the surface complexation constants within the Wateq4f database only contains  arsenate 
and arsenite chemical reactions and surface thermodynamic constants on weak surfaces 
from Chukhlantsev (1956) whereas the uranyl constants onto both weak and strong HFO 
where derived from the MOH values using LFER. 
 
OHAsOwHHfoHAsOwOHHfo 242
3
4 _3_ 
                                31.29log K  
OHwHAsOHfoHAsOwOHHfo 24
3
4 _2_ 
                                 51.23log K   
  34
3
4 __ wOHAsOHfoAsOwOHHfo                                                     58.10log K     
OHAsOwHHfoAsOHwOHHfo 23233 __                                           41.5log K  
  HsOUOHfoHUOsOHHfo 2
2
2 _3_                                             2.5log K  
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  HwOUOHfoHUOwOHHfo 2
2
2 _3_                                           8.2log K  
 
Thus, fitting experimental data using codes such as FITEQL 4.0 may not be of great help 
when one considers the wide range and hence varying properties of bulk inhomogeneous 
iron oxy/hydroxides minerals used in this study. As argued by Merkel (2004), data fitting 
or even over fitting using one of surface complexation model  within FITEQEL or similar 
optimization procedures  do not advance our understanding owing mainly to the wide 
range of properties and related behavior of bulk iron oxides used or generated in this 
study. In addition, the FITEQL 4.0 input file does not allow the specification of neither 
dissolution nor most importantly precipitation/co-precipitation which is claimed as the 
main removal mechanism of uranium in the presence of arsenic under this study 
experimental conditions. In fact, PHREEQC predicts the presence of neutral uranyl-
arsenates and saturation of sparingly soluble mineral at experimental solution 
concentration as low as 4.45μM U-As.  
 
Determining surface complexation constants of uranyl-arsenate using FITEQL 4.0 could 
have been of much help if titration type experimental sorption data often used in FITEQL 
input file was available. Instead a quasi different modeling approach is adopted. 
Conceptual modeling of uranium sorption behavior in the presence of arsenic is presented 
herein with the main assumptions based on experimental observations considering only 
weak surfaces of an ideal hydrous ferric oxide (HFO) constant from Dzombak and Morel 
(1990) as representing the entire spectrum of sorbent materials.  Hence, it is also assumed 
that the neutrally charged uranyl-arsenate UO2HasO4 as the most likely important species 
of its kind. Thus, this species was predicted with minimal impact on surface 
complexation. 
 
4.1.6.4.1 Uranium and arsenic pH-edges onto standard hydrous ferric oxide (HFO)  
Figures 4.38 and 4.39 illustrate simulations of respectively pH-edge sorption of uranium 
alone, and of both uranium and arsenic onto 0.2 mol weak surface sites of standard 89 
g/mol of 600 m
2
/g  HFO using the generalized two layer surface complexation theory. 
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As expected and consistent with experimental observations, in both cases the system with 
lower concentrations of either uranium or arsenic at just 5μM is more prone to adsorption 
onto weak surfaces HFO partly due to surface saturation effect at higher concentrations.  
 
 
Figure 4.38: pH-edge of uranium sorption alone onto an ideal HFO surface at 
respectively high concentration (50μM) and low concentration (5μM) using the 
generalized double layers surface complexation model 
 
In addition, in both mono-component uranium system and bi-component uranium-arsenic 
system, around only 50 % of uranium at lower input concentration of 5μM and even 
lesser at higher input concentrations of 50 μM is sorbed at the experimental pH value of 
4.5.  
 
As observed in the actual experiments, there seems to be no trend suggesting arsenic 
enhancing uranium sorption as it was observed in most experiments at higher 
concentrations.  
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Besides, for the entire pH-edge, consistent with the corresponding log K values, the 
competition for weak surface sites of the HFO seems much more favorable to arsenates 
rather than uranyl species and related hydrolyzed species. 
 
 
Figure 4.39: pH-edge of sorption of a bi-component uranium-arsenic system onto an 
ideal HFO surface at respectively high concentration (50μM) and low concentration 
(50μM) using the generalized two layers surface complexation theory 
 
Hence, these amphoteric surface sites scavenging both arsenates and uranyl species, 
seems however, less prone to accepting the neutrally charged uranyl-arsenates species 
which was credited throughout as the driving ingredient of the precipitation/co-
precipitation removal mechanism of uranium in the bi-component uranium-arsenic 
system. The bi-component uranium-arsenic system, consistent with the precipitation/co-
precipitation as major removal mechanism, shows as expected much less uranium 
removal though surface complexation compared to the mono-component system pH 
edge.    
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4.1.6.4.2 Reactive transport of uranium and arsenic onto quartz sand d’Alsace 
Figure 4.40 is a simulated multi-component reactive transport of uranium onto quartz 
sand d‘Alsace in the presence of arsenic as experimentally observed in figure 4.35.  
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Figure 4.40: Simulated reactive transport of uranium alone and in the presence of arsenic 
onto a column packed with quartz sand d‘Alsace as in the experiment depicted in figure 
4.28 but for total pore volumes of 1/10 using ion exchange and surface complexation. 
The insert corresponds to the end of the actual second experimental step with arsenic 
input of 1.25μM. 
 
Worth mentioning, however, in addition to the limitations aforementioned, the model 
only accounts for 1/10 of the total pore volumes of 558 in the actual experiment to cope 
with high processing and memory demand. Thus, no attempt has been made to fit 
experimental data using the stand alone PHREEQC together with an optimization routine 
through parameter adjustments. 
Experimental Identification of Sorption Mechanisms 
 
 173 
The model input uses equilibration phase dominated by quartz and ion exchange theory 
to account for clay exchange capacity and, assumes that iron mineral contents of the 
quartz sand d‘Alsace contain some weak sites of HFO to account for surface 
complexation of both uranium and arsenic. 
 
Despite the 1/10 pore volumes between the simulated and the actual experimental 
observations and the inherent limitations, the model conceptually replicates fairly well 
the experimental observation in the sense that overall, at lower concentrations arsenic 
seems in rather competing role rather that enhancing uranium uptake. 
 
4.2 Sorption Mechanisms at Nano-scale: XANES Fingerprinting and 
EXAFS Modeling 
 
4.2.1 XANES Fingerprinting 
 
Understanding the speciation of both uranium and arsenic in either natural or laboratory 
settings is paramount since it relates to their mobility in groundwater, reactivity, stability 
in natural environment and nuclear waste repositories, bio-availability and ultimately 
their toxicity. However, despite the environmental significance of uranium and arsenic 
speciation, yet studies solely related to the subject are rare. This scarcity seems to be 
related to current analytical limitations to reliably characterize species of interest among 
the wide range of aqueous, surface and minerals species of the natural environment 
heterogeneous systems (Manceau et al. 1996, Scheinost et al. 2002).  
 
Besides, a major drawback of the Zero Valent Iron (ZVI)  technology is the possibility of 
the immobilized contaminant to be re-oxidized and re-dissolved back into solution. 
Therefore, much attention has been turned lately to the dissimilatory Fe(III) reducing 
bacteria such as Geobacter Metallireducens and Shewanella putrefaciens which have the 
capability to couple the oxidation of organic matter to the reduction of Fe(III) and 
alternatively various metals/metalloids including uranium and arsenic (Lovely et al. 1992, 
Lovely 1995) through typical reactions: 
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  HHCOUOHUCOOCH 92444 3
4
2
6
3   
  HUUH 2462  
However, as pointed out by Brooks et al. (2003), conditions that can inhibit this 
enzymatically driven bio-transformation are an active research area. Kelly et al.(2005) for 
instance, gave spectroscopic evidence of the Ca-UO2-CO3 complex underpinning Ca 
induced inhibition of U(VI) bacterial reduction. Yet, as reported by Abdelouas (1998), 
several authors have claimed that the reduction of U(VI) is an enzymatically mediated 
reaction and as such independent of experimental conditions.  
 
This sub-section revisits and discusses the mechanisms of uranium sorption onto 
elemental iron emphasizing on the effect of arsenic and Shewanella putrefaciens surfaces 
on uranium sequestration using X-ray absorption near edge structure (XANES) 
fingerprinting and geochemical speciation calculations of abiotic and biotic experimental 
systems conducted in conditions that theoretically hold potential to inhibit the enzymatic 
reduction of uranium.  
 
4.2.1.1 Initial Aqueous Uranium and Arsenic Speciation 
 
The initial speciation of the aqueous uranium and arsenic from the reacting sorption 
solution was calculated using the geochemical code PHREEQC (Parkhurst and Appelo, 
1999) with its embedded Lawrence Livermore National Laboratory (LLNL) 
thermodynamic database supplemented with the following uranyl-arsenate complexes 
formation constants given by Rutsch et al. (1997):  
 
)( 42
2
4
2
2 HAsOUOHAsOUO 

                  76.18log K  
  42242
2
2 AsOHUOAsOHUO                   96.21log K  
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242242
2
2 )(2 AsOHUOAsOHUO 
             53.41log K  
Assuming the thermodynamic database used in the simulation is reliable, we speculate 
that the speciation of the initial mono-component uranium solution in the system Fe
0
-
0.1mM U was most likely dominated by the aqua cation uranyl UO2
2+by more than 77% 
followed in decreasing order of importance by the hydrolyzed species UO2OH
+
, 
(UO2)2(OH)2
2+
 UO2(OH)2 and the uranyl-nitrate UO2NO3
+
. Similarly, the initial 
speciation of U(VI) in the bi-component uranium-arsenic water used in both the abiotic 
and biotic systems Fe
0
-0.1mM U-0.1mM As seems to have been largely dominated by 
uranyl-arsenate complexes UO2H2AsO4
+
 and UO2(H2AsO4)2 followed by the aqua cation 
uranyl UO2
2+
, uranium hydrolyzed species UO2OH
+
 and UO2(OH)2 and the nitrate 
UO2NO3
+
. Within this system, arsenic species comprises major and similar uranyl-
arsenate species including but not limited to UO2H2AsO4
+
,UO2(H2AsO4)2,UO2(HAsO4), 
minor arsenate species H2AsO4
-
,HAsO4
2-
,H3AsO4 and AsO4
3-
 In the biotic system, 
however, the addition of ethanol has likely resulted in the formation of minor but highly 
mobile uranyl carbonato complexes. 
 
4.2.1.2 Oxidation State of Sorbed Uranium 
 
The normalized U L3 -edge XANES spectra of samples from the experimental systems 
Fe-U, Fe-U-As and Fe-U-As-Shewanella putrefaciens cells are presented in figure 1 and 
compared to the schoepite spectrum. 
 
The shapes and edge positions of the normalized U L3-edge XANES spectra for all three 
samples are identical. The energy position of the white lines is typical for U(VI) 
compounds. As pointed out by DenAuwer et al. (2003) and Denecke et al.(2005), 
qualitative characterization of actinides L3-edge oxidation states based on the white line 
position and intensity alone is not straightforward owing to just minor differences in the 
dominating white line caused by the 2p→6d transition. Instead multiple scattering 
features in the XANES regime can be of much value in characterizing actinide cations. In 
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this particular case, a shoulder at the higher energy side of the white lines in all spectra 
shown in figure 4.41 (indicated by the line at 17183 eV) is commonly attributed to 
multiple scattering of the outgoing photoelectron wave at the two shorter bound axial 
oxygen atoms in a uranyl compound. 
 
 
 
 
Figure 4.41: Normalized U L3- edge XANES spectra of the experimental samples Fe-U, 
Fe-U-As and Fe-U-As-bacteria cells compared to schoepite spectrum. 
 
4.2.1.3 Oxidation State of Sorbed Arsenic 
Figure 4.42 shows the normalized As-K edge XANES spectra while figure 4.43 
illustrates the corresponding first derivative of the systems Fe-U-As and Fe-U-As-
Shewanella putrefaciens cells compared to reference compounds [As(0)], As[III]2O3 and 
As[V]2O5 . The reference spectra show a systematic shift of the edge position with 
increasing valence state. Hence, we hypothesize that the sorbed arsenic coordination 
environment contains oxygen bonding. The edge position and the shape of the spectra of 
the samples Fe-U-As and Fe-U-As-Shewanella putrefaciens cells fit well those of 
As[V]2O5 clearly indicating a valence state of V.  
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Figure 4.42: Normalized As K-edge XANES spectra of the samples Fe-U-As and Fe-U-
As-Shewanella putrefaciens cells compared to the spectra of the reference compounds 
[As(0)], As[III]2O3 and As[V]2O5 
 
 
 
 
Figure 4.43: First derivative of the normalized As K-edge XANES spectra of the 
samples Fe-U-As and Fe-U-As-Shewanella putrefaciens cells compared to the reference 
compounds [As(0)], As[III]2O3 and As[V]2O5 
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4.2.1.4 Implications of Sorbed Uranium and Arsenic Oxidation States on the 
Sorption Mechanism  
 
The persistence of the initial uranium and arsenic oxidation states (VI and V respectively) 
the three reactive systems Fe-U, Fe-U-As and Fe-U-As-bacteria cells may help 
explaining the mechanism controlling uranium and arsenic fixation onto scrap metallic 
iron under this study experimental conditions. 
The oxidation state VI in case of uranium sorbed onto metallic iron and corrosion 
products in the system Fe-U with uranium likely linearly linked to oxygen as suggested 
by the multiple scattering features in the corresponding XANES spectrum rather excludes 
the prevalence of a primarily reductive sorption mechanism through neither Fe(0) nor the 
structural Fe(II) or even molecular hydrogen (H2) as byproducts of iron corrosion as 
electron donors. Through discrimination, it follows that uranium may have been fixed 
onto elemental iron through either surface complexation or most likely precipitation/co-
precipitation with iron corrosion products enhanced by arsenic if present. This process 
results in the possible formation of sparingly soluble new mineral phases as the most 
prevalent mechanism or the combination of both mechanisms. This interpretation which 
reflects macroscopic experimental observations (Mbudi et al. 2007) is expandable to the 
system Fe-U-As as well as to the anoxic and biotic system Fe-U-As-Bacteria cells.  
Furthermore, it may be understandable that the quite short hydration time of 6 hours and 
the relative short equilibration time of 24 hours may not have lead to sustainable anoxic 
conditions prone uranium or arsenic reduction in the systems Fe-U and Fe-U-As. 
However, the apparent failure of both scrap metallic iron and the facultative Shewanella 
putrefaciens to reduce uranium or/and arsenic enzymatically needs to be explained.  
As reported by Abdelouas (1998), some authors have claimed that the microbially 
mediated reduction of uranium is enzymatically catalyzed regardless of the experimental 
conditions. In fact, as aforementioned the experiment in the Fe-U-As-Bacteria system 
was carried out under no growth conditions while using reagents that may be potential 
inhibitors of uranium dissimilatory reduction such as ethanol as organic carbon source, 
nitrate as background electrolyte, high concentration of arsenic and possible competition 
for electrons between Fe(III), U(VI) and As(V) .While common electron donors coupled 
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with Fe(III) reduction by S. putrefaciens include H2, formate, acetate, and lactate but not 
ethanol, Abdelouas et al. (1998) reported the use of ethanol as carbon source that lead to 
the enzymatic reduction of U(VI) to U(IV) at the highest rate compared to acetate, 
methanol, glucose and lactate. Worth mentioning in this case is that according to the 
following reaction, anaerobic corrosion of metallic iron produces molecular hydrogen 
and Fe(II) which could alternatively have been used to reduce uranium: 
 
  222)0( FeHHFe  
A second potential inhibitor which might have been active is nitrate NO3
-
 dissociated 
from the 0.01M NaNO3 background electrolyte. This possibility of nitrate inhibition is 
consistent with Cooper et al. (2003) who observed that NO3
-
 severely inhibited the 
reduction of Fe(III) contained in goethite by Shewanella Putrefaciens. Their results 
indicated that in fact the concurrent bacterial mediated reduction of Fe(III) and NO3
-
 to 
respectively Fe(II) and NO2
-
 which is followed by an abiotically reduction of NO2
-
 to 
NO2 and the oxidation of Fe(II) to Fe(III). The concomitant presence of Fe(III) and U(VI) 
may in turn lead to competing reactions and hence inhibition when ideal Eh and pH 
conditions are not met for uranium reduction. The above mentioned potential inhibition 
conditions fused with the quite high arsenic concentration in the reaction vessel may be 
the main cause of the metabolic inhibition of the dissimilatory reduction kinetics rate of 
both uranium and arsenic. In addition, it can be inferred from Myers and Myers (1992) 
that although perfectly facultative microorganism, growing Shewanella putrefaciens 
under aerobic conditions of this study may have lead to limited production of the 
necessary amount of cytochromes in the outer cell membranes for higher Fe(III) 
reductase activity.  
 
In summary, this investigation has shown that under its experimental conditions both 
uranium and arsenic sorbed onto elemental iron in abiotic or biotic and anoxic conditions 
may have been fixed through precipitation/co-precipitation as predominant mechanism 
while maintaining the initial oxidation states of respectively U(VI) and As(V). While 
XANES fingerprinting has been valuable in the determination of the absorbing atoms 
oxidation states, EXAFS modeling is required to fully uncover the coordination 
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chemistry of the sorbed uranium and arsenic and hence assess the relevance of surface 
complexation mechanism in order to draw definitive conclusions. A conjunction of 
inhibition conditions that include the presence of nitrate, possible limited cytochrome 
Fe(III) reductases, both arsenic and uranium toxicity may have lead to reduced kinetic 
rates of the expected dissimilatory uranium and arsenic reduction. Future similar sorption 
studies should be conducted at an appropriate actinides dedicated laboratory in situ at the 
synchrotron facilities location in order to minimize the possibility of redox reactions 
between sampling and the actual XAFS spectra collection. 
 
4.2.2 EXAFS Modeling 
 
For a contaminated site remediation engineer‘s perspective, a good understanding of the 
binding mechanisms of uranium and arsenic onto metallic iron and corrosion products as 
well as on bacteria surfaces is a key design input for an effective operation of a reactive 
barrier. This investigation focuses on uncovering the coordination chemistry of uranium 
and arsenic sorbed onto scrap metallic iron and corrosion products and Shewanella 
putrefaciens surfaces prepared in no growth and ultimately on conditions that potentially 
inhibit these bacteria enzymatic capabilities to biotransform uranium and arsenic. To this 
end, this analysis applies ab initio calculations and least square fitting routines to model 
bulk EXAFS spectra from batch experiment systems that equilibrated uranium alone with 
scrap metallic iron, uranium with arsenic in contact with scrap metallic iron and bi-
component water containing uranium and arsenic onto scrap metallic iron and 
Shewanella putrefaciens cells. The coordination chemistries and hence fixation 
mechanisms of both uranium and arsenic are assessed and compared in these three 
systems with the ultimate goal to uncover the influence of arsenic and bacteria on the fate 
of uranium under experimental conditions.  
 
The respective uranium and arsenic spectra are described and discussed qualitatively with 
respect to reference compounds followed by a quantitative analysis of structural 
parameters derived from ab initio calculations and experimental data fitting. Overall, as 
already shown for the XANES fingerprinting companion study (Mbudi et al. 2007), the 
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EXAFS experimental data for both uranium and  arsenic do show structural characteristic 
details consistent with known uranium and arsenic respective coordination chemistry in 
the oxides as shown in oxides reference compounds.  
 
4.2.2.1 Qualitative Spectral Analysis  
 
4.2.2.1.1 Uranium Spectra 
 
The normalized and background substracted EXAFS spectra derived from the full XAFS 
spectra are presented in k space x(k) and in R space with the corresponding Fourier 
transform (FT) and, backward FT spectra of the sorption experiment compared to 
schoepite in figures 4.44a, 4.44b and 4.44c considering for the calculations the k range of 
2 A
-1 
to around 12 A
-1
. 
 
 
Figure 4.44a: A comparison of the normalized and background subtracted x(k) of the 
sorption experiment samples spectra to the reference schoepite spectrum 
 
 
At low k values of all three illustrations,  the x(k), FT and backward FT spectra, the 
waves pattern of sorption experiment samples are in general similar to the shoepite 
reference sample for the full spectra. In detail, however, worth noting the close similarity 
of the FT spectra of FE-U system to the schoepite spectrum compared to the slightly 
Experimental Identification of Sorption Mechanisms 
 
 182 
different FT waves patterns exhibit by the Fe-U-As and Fe-U-As-bacteria cells systems 
particularly in the 1-3 A
0 
range. 
 
At higher k values of at least 10 A
-1
, both the x(k) and subsequently the backward FT 
show a wave pattern with highest peaks of x(k) at 11.5 A
-1 
 and 12 A
-1 
 only found in 
respectively both bi-components uranium-arsenic systems Fe-U-As and Fe-U-As-bacteria 
cells systems. 
 
Whether these higher peaks hold some structural information or just experimental 
artefacts is difficult to precisely pinpoint since modeling very higher shells coordination 
chemistry is not straightforward either. 
 
Figure 4.44b: Comparing Fourier transforms of experimental samples to schoepite  
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Figure 4.44c:  Backward Fourier transforms of experimental samples compared to 
schoepite 
 
Thus, a comparison of respective k-weighted 1, 2 and 3 for the k range 3-10 A
-1 
presented 
as weighted 3 of the FT is shown in figures 4.44d, 4.44e and 4.44f. 
 
Figure 4.44d: Fourier transform of uranium spectra compared to schoepite spectrum for 
the k range 3-10 A-1
 
weighted 3.      
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The magnified and phase shifts corrected FT shown in figures 4.44d through 4.44f  
consider the k range 3-10 A
-1
  to avoid the apparent artefacts or uneasy to decipher 
structural information aforementioned at higher k values. It clearly appears from these 
figures a first peak signal at 1.6-1.8 A
0
 which might correspond to the two oxygens 
aligned with uranium at oxidation state 6. This probable linear U-O coordination shell is 
recognizable in all three sorption experiment samples as they are compared to the 
schoepite spectrum.  
 
While the second peak of the three sorption experimental samples are equally well 
aligned, they seem however, slightly left shifted at 2.38-2.4 A
0
 compared to the schoepite 
second peak at around 2.44 A
0
. The location of the third peak for both arsenic containing 
experimental samples are similarly aligned around 3.2 A
0
 contrasting with the schoepite 
third shell at around 3.4 A
0 
and the Fe-U system third shell barely recognizable between 
3-3.2 A
0
. The overall amplitudes of the peaks though as shown in figure 4.44d, grow 
higher from shoepite to the Fe-U, Fe-U-As and Fe-U-As-bacteria cells systems.                                                                                                                                             
 
Figure 4.44e: Comparing k-weights 1-2-3 of Fourier transformed uranium spectra in the 
Fe-U system for the k range 3-10 A-1
 
 
In addition, figures 4.44e and 4.44f are illustrative of the attempt to check the sensibilities 
of the second and third shells amplitudes with changing k-weighted values respectively 
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k=1, 2 and 3 in order to qualitatively determine the possible type of scattering atom since 
atoms with high atomic number such as U usually increase amplitude with increasing k-
weight while low atomic number reverse the trend. Thus, consistent with the most likely 
presence of O/OH equatorial bond in the second shell for all experimental sorption 
samples, there are apparently none high Z atom such as U in the third shells but possibly 
a relatively low Z atoms such as As, Fe or O.   
 
Overall, knowing the oxidation state 6 of all uranium spectra as shown in XANES 
fingerprinting above and in Mbudi et al. (2007), it can be inferred from similarities with 
known shoepite FT EXAFS features as well as from related literature that the first peak 
corresponds most likely to the U-O axial and linear bonds while the second peak is the 
would be signature of the U-O equatorial bonds.  
 
 
 
Figure 4.44f: Comparing k-weights 1-2-3 of Fourier transformed uranium spectra in the 
Fe-U-As-bacteria systems for the k range 3-10 A-1 
 
4.2.2.1.2 Arsenic Spectra 
 
Similarly to the uranium qualitative description above, the normalized, background 
substracted x(k), FT and backward FT of arsenic spectra are presented in figures 4.45a 
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through 4.45f. While figure 4.45a  compares only arsenic containing sorption 
experimental spectra Fe-U-As and Fe-U-As-bacteria cells systems for the full XAFS 
range, figure 4.45b to 4.45d includes arsenic standards XANES portion converted in k 
space and R space and hence considered at lower k values for comparison.  
 
Overall, the x(k) representation of the full XAFS spectra in figure 4.45a of both arsenic 
containing spectra show similarity. In detail, however, there is a slight difference in wave 
pattern particularly at higher k values between 8 A
-1
 and 12 A
-1
. 
 
As shown in figure 4.45b and described above and in Mbudi et al (2007), it can be 
inferred that arsenic coordination chemistry is similar to the bonds of As(V) in As(V)2O5. 
In fact, the lower k values of the x(k) comparison clearly reveals the close similarity 
between the arsenic containing sorption spectra Fe-U-As to Fe-U-As-Cells and the 
As(V)2O5 spectrum. 
 
 
Figure 4.45a: Comparing arsenic x(k) experimental samples Fe-U-As to Fe-U-As-Cells 
up to 14 A
-1  
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Figure 4.45b: A comparison of lower portion of less than 7 A
-1
  of k values of the x(k)  
arsenic containing  experimental samples to references samples of metallic arsenic, 
arsenic oxide compounds As(3) and As(5) 
 
 
 
Figure 4.45c: Fourier transforms of arsenic experimental samples compared to reference 
compounds 
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Figure 4.45d: Backward Fourier transforms of arsenic containing sorption experimental 
samples spectra compared to reference compounds 
 
The FT and backward FT comparisons shown in figures 4.45c and 4.45d from the 
corresponding lower k ranges x(k) shown in figure 4.45b also show similarities between 
the sorption experiment spectra Fe-U-As and Fe-U-As-bacteria and the arsenate 
As(V)2O5 spectrum at lower k and R values.  
 
 
Figure 4.45e: Fourier transform of arsenic spectra   
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Figure 4.45f: Comparing k-weights of Fourier transformed arsenic spectra from the 
systems Fe-U-As and Fe-U-As-Cells 
 
The magnified FT comparing only the sorption experimental spectra Fe-U-As and Fe-U-
As-bacteria shown in figure 4.45e as well as in figure 4.45f  clearly reveals three main 
peaks at around respectively 1.6 A
0
, 2.5 A
0
 and between 2.8 A
0
 and 3 A
0
. Besides, the k-
weighted 1, 2 and 3 comparisons shown in figure 4.45f do in general not hint to the 
presence of high atomic number atom.  There is however, a slight trend of amplitudes 
growth with higher k values.  
 
On the whole, arsenic is in pentavalent form coordinated with oxygen atoms in the first 
two shells. The possible uranium signal beyond the first coordination shell while 
possible, still however, this likelihood could not be inferred with high precision from k-
weighted spectral comparisons 
 
4.2.2.2 Quantitative Spectral Analysis 
 
The modeling results of uranium and arsenic EXAFS spectra presented in table 1 are least 
square fitting respectively based on the theoretical models schoepite for uranium in the 
Fe-U system whereas Heinrichite based model with uranium as absorber was used for the 
systems Fe-U-As and Fe-U-As-bacteria cells. For arsenic spectra, however, Heinrichite 
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was only used for the abiotic system Fe-U-As while abernathyite was used for the biotic 
system Fe-U-As-bacterium cells.  
  
Figure 4.46 illustrates in k space the real part of the Fourier transform of the multishell 
least square fits of experimental EXAFS uranium and arsenic spectra with the respective 
theoretical models aforementioned. Overall, the theoretical models fit fairly well 
experimental spectra of both uranium and arsenic particularly at low k values. Figure 
4.47 further illustrates a quite good fit in a classical magnitude based Fourier transform 
representation in R space of the multishell least square fit of the arsenic spectrum of the 
abiotic system Fe-U-As.  
 
Table 4.3: structural parameters of the respective coordination chemistry of uranium and 
arsenic sorbed onto metallic iron and Shewanella putrefaciens surfaces compared to the 
models (MS stands for multiple scattering). 
Sample k-range 
(A
-1
) 
Model Scatter N(atoms) R(A
0
) σ2(A0)2 R-
factor 
Fe-U(U) 3-10 Schoepite O 2 1.83-1.85 0.0086 0.049 
   O-H/O 5 2.29-2.48 0.003  
Fe-U-
As(U) 
2-9.5 Heinrichite O 2 1.78-1.8 0.006 0.03 
   O 4 2.28-2.95 0.006  
   O(MS) 1 3.4 0.006  
   O(MS) 6 3.61-3.65 0.083  
   As(V) 4 3.76-3.78 0.006  
Fe-U-AS-
Cells(U) 
2-9.6 Heinrichite O 2 1.83-1.85 0.003 0.06 
   O 4 2.32-2.34 0.003  
   As(V) 4 3.71-3.74 0.06  
Fe-U-
As(As) 
3-10 Heinrichite O 4 1.7 0.007 0.05 
   O(MS) 12 3-3.1 0.003  
   O 4 3.7   
   U(6) 4 3.7   
Fe-U-AS-
Cells(As) 
2-12.029 Abernathyite O 4 1.69 0.002 0.02 
   O (MS) 12 3-3.1   
   O 4 3.5   
   U(6) 4 3.6   
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The modeling of the uranium based spectrum of the system Fe-U carried out on a k range 
of 3-10 A
-1
 yields a fairly good fit between experimental data and the schoepite derived 
theory particularly for both the first and second coordination shells. Worth mentioning, 
however, that further attempts to reduce the R factor closer to 0.002 has failed as did 
related attempts to improve the fit by extending the fitting R space range beyond 2.7 A
0  
with or without the inclusion of multi- scattering paths. This result confirms the bonding 
of the sorbed uranium to two axial oxygens at a distance corrected of phase shift of 1.7-
1.8 A
0
. The fit of the second coordination shell suggests that the sorbed uranium is most 
likely coordinated to 5 equatorial oxygens at a distance 2.2-2.45 A
0
. 
 
The least square fit of the uranium EXAFS spectrum of the abiotic system Fe-U-As 
carried out in the k-range 2-9.5 A
-1 
suggests a sorbed structure close to heinrichite 
configuration of atoms at least up to more or less 4A
0 
. 
 
Figure 4.46: Least Square multishell fits of k weighted 1 experimental spectra shown in 
k space after FT of the real components. Peak positions are not corrected for phase shift. 
 
These results also suggest that the sorbed uranium compound in the Fe-U-As system is 
seemingly associated with two oxygens in linear coordination at a distance of 1.78-1.8 A
0 
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and 4 most likely equatorial oxygens at a distance range of 2.28-2.95 A
0
. This single 
oxygen scatters based model was further expanded to include multiple scattering oxygens 
between 3.4 and 3.65 A
0
. Further around 3.76-3.78 A
0
 are located similar to heinrichite, 4 
single scatters As(V).  
 
The modeling result of the EXAFS uranium spectrum for the system Fe-U-As-Cell is 
quite similar in structural configuration to the aforementioned abiotic system Fe-U-As. 
However, in the case of Fe-U-As-Cells, the addition of multiple scattering Oxygens paths 
to the model did not improve the overall quality of the fit as attested with a related much 
higher R factor. Heinrichite as a model seems to work well with the abiotic system Fe-U-
As for both the uranium and arsenic EXAFS spectra. Figure 4 for instance illustrates a 
quite good fit in a classical magnitude based Fourier transform of the arsenic EXAFS 
spectrum of the abiotic system Fe-U-As. 
 
 
Figure 4.47: Magnitude of FT based representation of the least square multishell fit in R-
space of the abiotic arsenic spectrum of the system Fe-U-As with peak position not 
corrected of phase shit of about 0.5 A
0 
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The least square fit of the arsenic spectra for the systems Fe-U-As and Fe-U-As-Cells 
with respectively heinrichite and abernathyite based models suggests in both cases that 
the absorbing As(V) is surrounded with 4 oxygens at a distance of 1.69-1.7 A
0
. Worth 
mentioning, however, the modeling effort beyond the first coordination shell for the 
arsenic spectra appeared to be the most challenging partly because of the unknown 
configuration between around 1.7A
0
 and 3A
0
. The inclusion of multiple scattering 
oxygen paths seems to enhance the overall quality of the fit in the Fe-U-As system but 
only partly for the Fe-U-As-Cells system. For the latter system, numerous attempts to 
model it with heinrichite based system has failed. The use of abernathyite based model 
suggests like in the case of heinrichite based model that U(VI) scatters might be 
responsible for the signals around 3.6-3.7 A
0
. 
 
4.2.2.3 Discussing EXAFS Modeling 
 
All uranium spectra of the experimental samples, modeled respectively with Shoepite for 
the Fe-U system and Heinrichite for the Fe-U-As and Fe-U-As-Cells systems have in 
common their similar configuration for the first coordination shell of U(6) made of 2 
axial oxygen atoms (uranyl ion) at a distance range of 1.78-1.85 A
0
. Further, around 2.28-
2.95 A
0 
is the domain of the 5/4 equatorial oxygen atoms consistent with U(VI) 
coordination and behavior in oxygenated medium. Manceau et al. (1992) gives the 
respective linear U-O and equatorial U-O shells with peaks at 1.6-1.85 A
0 
and
 
2.2-2.45 
A
0
. In addition, signals of As(V) scatters for both the Fe-U-As and Fe-U-As-Cells 
systems may be suggested around 3.7-3.8 A
0 
. 
 
The arsenic spectra for the systems Fe-U-As and Fe-U-As-Cells modeled respectively 
with Heinrichite and Abernatyhite show a first coordination shell of 4 single scattering 
oxygens atoms at 1.69-1.7 A
0 
surrounding As(V) in a tetrahedral configuration.  This is 
consistent with As(V)-(O,OH) well known tetrahedron structural configuration described 
by Waychumas et al.(1993) and O‘Reilly et al. (2001) on study of As(V) sorption on 
HFO. In these arsenic spectra of the systems Fe-U-As and Fe-U-As-Cells, the U(VI) 
scatters signals may be suggested further away around 3.6-3.7 A
0
.  
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As clearly shown in figure 4.44d above comparing the magnitudes of the FT of all 
uranium spectra, there seems to be no peaks beyond the linear and equatorial U-O/O-OH 
bonds signatures in the experimental Fe-U system. In addition, in an experimental 
medium whereby  iron and its corrosion products are sorbents, the presence of peaks  
beyond uranyl equatorial coordination shell might have indicated (U(VI)O2
2+
) direct 
bonds with possibility for instance of sharing edges with Fe(O,OH)6 octahedra as 
mononuclear bidentate inner sphere complexes of HFO functional groups (Manceau, 
1992). Besides, as it can be inferred from figure 4.44e for instance, the presence of U-Fe 
bond should have been indicated by k dependency with decreasing of the amplitude of 
the peaks of the FT spectra. Thus, the absence of peaks beyond the equatorial U-O/O-OH 
bonds in the Fe-U system suggests that surface complexation or chemisorption is not a 
major sorption mechanism involved but rather the input uranyl as retained its original 
structure and bonded onto metallic iron surface as (U(VI)O2
2+
) complexes as 
precipitates/co-precipitates. Figure 4.44d also suggests, however that shoepite with its 
minor but visible peaks beyond the U-O/U-OH axial and equatorial peaks is much more 
complex than the experimental Fe-U system. In fact least square fitting exercise beyond 
these two peaks using the shoepite model failed. These observations imply that 
precipitation/co-precipitation must be a major sorption mechanism for the Fe-U system. 
This precipitation/co-precipitation mechanism as major control of uranium behavior can 
also be drawn from the Fe-U-As and Fe-U-As-Cells systems from both the uranium and 
arsenic spectra. In these Fe-U-As and Fe-U-As-Cells systems, unlike the Fe-U system, 
several peaks are clearly spotted beyond the main respectively U-O/U-OH in uranium 
spectra and As-O/OH peak in arsenic spectra. This observation suggests that mechanisms 
such as surface complexation or precipitation/co-precipitation may be responsible for 
some or all of these additional peaks. Also, as shown in figure 4.46 and more clearly in 
figure 4.47, the uranyl-arsenate mineral Heinrichite as model matches well the 
experimental data containing both uranium and arsenic at least up to around 4A
0
 
suggesting the preponderant likelihood of precipitation/co-precipitation as leading 
mechanism. 
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Worth mentioning however, that for the arsenic spectrum Fe-U-As-Cells, the fitting with 
Heinrichite failed. Alternatively, a quite fairly good fit could be achieved using the uranyl 
arsenate abernathyite as model but for a much extended k range of 2-12.029 which might 
include artefacts as aforementioned. Thus, the reliability of the fit at higher k values may 
be questionable. Overall, the uneasy modeling of the biotic system Fe-U-As-Cells for 
both the uranium and arsenic spectra suggests the complexity of this experimental 
system. The likelihood of a similar but slightly different model is plausible in this 
particular case.  
 
Furthermore, Mbudi et al. (2007) in the XANES fingerprinting companion investigation 
have discussed the non occurrence of uranium or arsenic reduction neither by Fe
0
, Fe
2
 
and H2 nor by Schewanella putrefaciens surfaces. In a nutshell, for the abiotic system Fe-
U and Fe-U-As the non reduction of neither U(VI) nor As(V)  has been explained by the 
relatively short hydration time (6 hours) and equilibration time (24 hours) which might 
not have led to sustainable reducing conditions capable of achieving neither U(VI) nor 
As(V) reduction. For the biotic system Fe-U-As-Cells however, the non reduction of 
neither U(VI) nor As(V) by Schewanella putrefaciens surfaces has been attributed to the 
use of nitrate which might have caused conditions that inhibit reducing capabilities of the 
bacterium cells. Cooper et al. (2003) has shown that NO3
-
 is an inhibitor of Fe(III) 
reduction by Shewanella Putrefaciens. Similarly, Rademacher (2006) also observed that 
the presence of nitrate inhibited Anaeromyxobacter dehalogenans and Geobacter 
sulfurreducens cells growth and uranium reduction capabilities. In fact, in the Fe-U-As-
Cells systems the toxicity of the relatively high concentration of the As(V) input fused 
with nitrate induced inhibition may have lead to the limited production of cytochromes 
for higher Fe(III) reductase activity as inferred from Myers  and Myers (1992). 
 
The plausibility of the precipitation/co-precipitation mechanism as leading control of 
uranium behavior alone or in the presence of arsenic onto metallic iron and Shewanella 
putrefaciens surfaces is also consistent with geochemical speciation calculations. In bi-
component uranium and arsenic systems for instance, the prevalence of uranyl-arsenates 
species UO2H2AsO4
+
 and UO2(H2AsO4)2 made the Fe-U-As system prone to the 
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predicted precipitation/co-precipitation of uranium at concentrations as low as 4.45 µM 
of both initial input of U(VI) and As(V). However, uranyl-carbonato complexes may 
have played an important role in the biotic system Fe-U-As-cells which may also explain 
the uneasy modeling of the related uranium and arsenic spectra using either uranyl 
arsenates Heinrichite or abernathyite based theories. 
 
On the whole,  EXAFS  spectra modeling and analysis has  confirmed the presence and 
prevalence of respectively U(VI)-O/O-OH  axial and equatorial bonds in the mono-
component uranium system and both U(VI)-O/O-OH  and tetrahedron As(V)-(O,OH) in 
the bi-components uranium-arsenic systems sorbed onto scrap metallic iron and 
Shewanella putrefaciens surfaces.  The absence of peaks beyond the major axial and 
equatorial U(VI)-O/O-OH  bonds in the mono-component uranium system and the 
concurrent occurrence of U(VI)-O/O-OH  and As(V)-(O,OH) bonds in the bi-component 
uranium-arsenic systems suggest the likely plausibility of precipitation co-precipitation 
mechanism as the leading control of uranium behavior. 
 
4.2.3 Concluding Remarks 
 
XANES fingerprinting has uncovered the oxidation states of  the sorbed uranium and 
arsenic onto scrap metallic iron and Shewanella putrefaciens surfaces as unchanged 
U(VI) and As(V) from the initial input solutions. The modeling of EXAFS spectra, while 
laborious due in part to the interference prone nature of the highly reactive and untreated 
scrap metallic iron, has however completed the XANES results in deciphering the 
coordination chemistry of both uranium and arsenic with great precision particularly for 
the first and second coordination shells.  
 
The prevalence of U(VI)-O/O-OH  bonds in mono-component uranium system and both 
U(VI)-O/O-OH  and As(V)-(O,OH) bonds in bi-components uranium-arsenic systems is 
consistent with microscopic batch and kinetic sorption experiments results in favor of 
precipitation/co-precipitation mechanism as the leading control of uranium fate alone or 
in the presence of arsenic. These results are consistent with Gräfe et al.(2008) who 
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suggested the importance of precipitation mechanism of arsenic sorption onto Fe or Al 
oxides in the presence of metal cations rather than through the formation of surface 
adsorption complexes. 
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Chapter 5  
 
                Conclusions and Perspectives 
 
 
This study was designed as a contribution to a better understanding of the behavior of 
uranium in the presence of arsenic and iron in saturated porous media. Uranium fate in 
the presence of arsenic has often been described as discrepant in natural waters with and 
foremost an ongoing controversy on its immobilization mechanism by known reductive 
agent such as metallic iron and/or metal reducing bacteria.  
 
To this end, laboratory experiments in various hydro-biogeochemical settings that 
included batch and columns were carried out using a wide range of solid phases such as 
scrap metallic iron, minerals, glass beads, uranium tailings as well as bacteria cells in 
contact mainly with synthetic KCl and NaN03 background electrolytes based solutions or 
natural waters from Schneckestein uranium tailings spiked with or containing U(VI) 
alone or U(VI) mixed with As(V). Synchrotron based XAFS experiments were also 
conducted in order to uncover both the oxidation states and the coordination chemistry of 
both uranium and arsenic sorbed onto elemental iron and Shewanella putrefaciens 
surfaces.  
 
Thus, this study has mainly evolved around uncovering the effect of both water chemistry 
and solid phase composition on uranium sorption behavior in the presence of arsenic, and 
on discussing the sorption mechanisms controlling the fate of uranium at both 
microscopic and molecular levels.  
 
The main results presented throughout this thesis but summarized and further discussed 
in the precedent chapter as ―concluding remarks‖ do not have the high ambition of giving 
exhaustive and definitive answers to this highly complex and open ended subject of 
uranium and arsenic geochemistry. These results rather highlight primarily on the 
importance of water speciation and of the sparingly soluble uranyl-arsenate compounds.  
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In a NaN03 background electrolyte based solution for instance, in addition to the toxicity 
of arsenic to bacteria cells, the presence of nitrate has been shown as a limiting factor in 
Shewanella putrefaciens cells growth and ultimately on the limited production of 
cytochrome reductase  necessary for either U(VI) or As(V) reduction. These results do 
not pretend to act as referee between the proponents of chemisorption, reductive 
precipitation or precipitation/co-precipitation in the scientific controversy around the 
mechanism controlling U(VI) or As(V) sorption onto metallic iron. They only emphasize 
on the  importance of precipitation/co-precipitation sorption mechanism as a major 
control of uranium behavior in the presence of arsenic in a saturated porous medium as 
predicted and observed at starting concentrations as low as 4.5μM of both U(VI) and 
As(V) around  pH of 4.5 in KCl , NaCl or even NaNO3 based water solutions. In such 
simple background electrolyte solutions but carbonated, the presence of arsenic seems to 
enhance uranium immobilization through most likely precipitation/co-precipitation 
reactions. In systems where precipitation/co-precipitation was inferred as dominant 
control, the presence of most alkali and earth alkali metal cations as well as of inorganic 
ligands Cl
-
, NO3
-
 and SO4
-
 but PO4
-2
 and CO3
-2
 did not have a major effect on uranium 
fate alone or in the presence of arsenic. The presence of K however, has been observed 
enhancing the formation of sparingly soluble uranyl arsenate solid compound such as 
abernathyite which happens to have K as component. This observation may be extended 
towards other uranyl-arsenates such as Heinrichite with the addition of Ba for instance in 
bi-components uranium-arenic systems. To this regard, geochemical modeling can be a 
valuable tool in the evaluation of concentrations at which the uptake can occur for the 
desired pH edge. Therefore, promoting conditions leading to the precipitation and hence 
immobilization of solid uranyl-arsenate compounds can be a valuable mitigation 
procedure in environmental water bodies contaminated by both uranium and arsenic. 
 
Obviously, while the precipitation/co-precipitation mechanism has been inferred from 
most of the experiments conducted above the solubility product of shoepite or 
abernathyite for instance at both micro-scale and on molecular levels as derived from 
EXAFS spectra; worth mentioning, however, is the fact that the mechanisms such as 
chemisorption or reductive precipitation must not be underestimated.  In virgin, that is 
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not contaminated natural waters with trace concentrations of both uranium and arsenic, 
uranium fate is believed to be discrepant but not controlled primarily by precipitation/co-
precipitation reactions due to the complexity of both water chemistry and related 
speciation as well as the complexity of the solid phase. These observations are consistent 
as they can be inferred from batch sorption and transport experiments conducted at trace 
concentrations of both U(VI) and As(V) in the range of 1-5μM. In these systems, arsenic 
seemed not to be enhancing uranium immobility but rather in competition for adsorption 
sites. 
 
In addition to the composition of water and its speciation, the iron content of the solid 
phase has also played a prominent role in the fate of uranium in the presence of arsenic. 
In fact, at low concentrations of either uranium or both uranium-arsenic, however, 
uranium behavior seemed dependent to iron content of the system. Overall, the prevailing 
role of iron as observed in sorption efficiency experiments is consistent with the removal 
of uranium in the presence of arsenic in the order scrap metallic iron and corrosion 
products alone or mixed with sand >glass beads>>>natural oxy/hydroxide minerals> iron 
coated quartz sand d‘Alsace> Frechen quartz sand> quartz sand d‘Alsace. Thus, 
enhancing the ratio Fe/As can be a trigger of both uranium and arsenic co-precipitation 
with ferrihydrites. Besides, among the wide range of minerals used as sorbents, calcite 
role in controlling uranium behavior is prominent. As a source of carbonate ligands 
necessary for the formation of highly mobile uranium carbonato species, calcite has been 
observed as a major cause of the reported discrepant sorption behavior of uranium in the 
presence of arsenic. 
 
While this study has shed light on many aspects of uranium behavior in the presence of 
arsenic, still the list on lingering questions without exhaustive answers on this complex 
subject is non exhaustive. Thus, some new research avenues must be drawn or much 
effort on existing ones should be directed towards enhancing thermodynamic data base of 
arsenic related species particularly in Cl
-
 dominated media in particular and arsenic 
species related to the much more complex chemistry of natural waters. In this context, 
much research emphasis and effort should be devoted on the study of uranyl-arsenates 
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species and related since this important group is hereby suggested as a key control of 
uranium behavior in the presence of arsenic.  
 
In addition, future studies of uranium fate in the presence of arsenic should be based on 
virgin natural systems alone or in combination with laboratory experiments conducted at 
trace input solution concentrations (1-5μM) below the solubility product of common 
uranyl or uranyl arsenate based minerals. This requires however, the development of 
much robust analytical techniques to better quantify both uranium and arsenic. Existing 
techniques such as ICP-MS for instance has shown limitations particularly when Cl
-
 is 
present in the system. Photometric determination of uranium using arsenazo (III) while 
robust in most scenarios still requires however, a cost effective improvement routine for 
concentrations below 10
-7
M in particular when the system contains Cl
-
 often used in 
sorption experiments due to its assumed ―conservative‖ propency.  
 
In addition, spectroscopic techniques such as bulk XAFS alone are not sufficient to better 
comprehend Fe-U-As systems owing in part to the relatively high concentration 
requirement of at least 0.1mM for analytical signal detection of both uranium and arsenic.  
Cross evaluations of surfaces reactions at water and minerals interface in the Fe-U-As 
systems should include additional spectroscopic tools such as Moss Bauer and alike.  
 
Furthermore, reacted samples of sorption experiments designed to uncover the underlying 
mechanism of uranium uptake in the presence of arsenic, iron and metal reducing bacteria 
must be analyzed as soon as possible to ensure post abiotic re-oxidation or bio-re-
oxidation do not lead to erroneous results or interpretation. To this end for instance, 
sorption experiments for synchrotron based XAFS experiments involving uranium, 
arsenic, iron and bacteria should ideally be conducted at a designated laboratory close to 
the measurement hutch of the beamline and preserved in container that can sustain the 
targeted redox conditions and measured as soon as possible at the end of the equilibration 
time. 
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In closing, it must be emphasized that clear cut boundaries among sorption mechanisms 
that are involved in a given sorption reaction of uranium alone or in the presence of 
arsenic such as chemisorption, reductive precipitation and precipitation/co-precipitation 
can not be drawn with high accuracy and precision at all times even when the 
experimental conditions are similar to those of this study. The reason being that these 
mechanisms are just so intertwined and may occur either simultaneously, sequentially, 
separately or even concurrently in the same experimental reaction since they are so 
dependent to a wide range of physico-chemical parameters that are very difficult to 
control even at a ― controlled laboratory settings‘. Our abilities to maintain a sustainable 
control of initial boundary conditions of a laboratory experiment designed to better 
comprehend laws governing the natural environment are just very limited compared to 
the ever increasing complexity induced by the introduction of more and more complex 
toxins of so much concerns to our well being and to the overall health of the surrounding 
ecosystems. 
 
 
 
 
 
 
 
References 
 
203 
References 
 
Abdelouas A., Yongming L., Lutze W., Nuttal H.E. (1998) Reduction of U (VI) to U (IV) 
by indigenous bacteria in contaminated groundwater. Journal of contaminant hydrology, 
35:217-233   
 
Abdelouas A., Lutze W., Nutall H.E., Gong W. (1999) Réduction de l‘uranium (VI) par 
le fer métallique: application à la dépollution des eaux. Comptes Rendus de l‘Académie 
des Sciences de Paris/Earth Planet. Sci., 328:315-319 
 
Al-Hachimi A. (1992) Uranium tailings disposal: Review of current technology. Int. 
Journ. Environm. Studies, 42:53-62 
 
Appelo C.A.J., Van der Weiden M.J.J., Tournassat C., Charlet L.(2002) Surface 
complexation of ferrous iron and carbonate on ferrihydrite, and the mobilization of 
arsenic. Environ. Sci. Technol., 36: 3096-3103.  
 
Appelo C.A.J., Dimier A. (2004) Geochemistry, groundwater and pollution: Learning by 
modeling. US Fed. Agency Workshop, Albuquerque, NM, p. 1-4. 
 
Appelo C.A.J., Postma D. (2005) Groundwater, geochemistry and pollution.,2
nd
 edition, 
A.A. Balkema Publishers, Leiden, 649p 
 
Bear J. (1972) Dynamics of fluids in porous media. American Elsevier, New York. 764 
pp 
 
Bear J., Verruijt A.(1987) Modelling groundwater flow and pollution. D. Reidel 
Publishing Company, Dordrecht, Holland, 427p 
 
Behra P. (1987) Etude du comportement d‘un micropolluant métallique-le mercure-au 
cours de sa migration a travers un milieu poreux sature: indentification expérimentale des 
mécanismes d‘échanges et modélisation des phénomènes. Ph.D. thesis, Institute of Fluid 
Mechanics, Université Louis Pasteur, Strasbourg, France, 191p 
 
Bernhard G., Geipel , Reich G. T., Brendler V., Amayri S., Nitsche H. (2001) Uranyl(VI) 
carbonate complex formation: Validation of the Ca2UO2(CO3)3(aq.) species"  
Radiochimica Acta, 89, 511-518  
Beveridge T.J. (1978) The role of cellular design in bacterial metal accumulation and 
mineralization. Annual Review of Microbiology, 43: 147-171 
 
Blowes D.W., Ptacek C.J.,
 
Benner S.G., Mcrae C.W.T.,Bennett.A.T., Puls R.W. (2000)  
Treatment of inorganic contaminants using permeable reactive barriers. Journal of 
contaminant hydrology, 45(1-2):123-137 
 
References 
 
204 
Bostick, D., Jarabek, I., Slover, A., Fiedor, N., Farrel, J., Helferich R. (1996): Zero-
Valent Iron and metal oxides for removal of soluble regulated metals in contaminated 
groundwater at a DOE site; U.S. Department of Energy K/TSO-35p; Oak Ridge, TN, pp 
1-64 
 
Brooks C., Frederickson K., Carrol L., Kennedy W., Zachara J., Plymcle E., Ferrdorf S., 
Kemmer M., Kelly D. (2003) Inhibition of U(VI) reduction by Calcium. Environmental 
Science and Technology, 37: 1850-1858 
 
Brown G.E. Jr. (1990) Spectroscopic studies of chemisorption reaction mechanism at 
oxide-water interfaces. In Hochella M.F. Jr. and White A.F.(Editors), Mineral-Water 
Interface Geochemistry. Reviews in Mineralogy, Mineral.Soc. Am., 23: 309-364 
 
Burns P.C., Finch R.(Eds)(1999) Uranium: Mineralogy, Geochemistry, and the 
Environment. Reviews in Mineralogy and Geochemistry. Volume 38. Washington, D.C.: 
Mineralogical Society of America 
 
Case A. A. (1974) Toxicity of various chemical agents to sheep. J. Am. Vet. Med. Assoc. 
164: 277-283 
Cantrell K.J., Kaplan D.I., Wietsma T.W.  (1995) Zero-valent iron for the in situ 
remediation of selected metals in groundwater. Journal of Hazardous Materials, 42 (2): 
201-212 
Cejka J., Urbanec Z. (1998) Secondary uranium minerals. Transactions of the 
Czechoslovak Academy of Science. Math.-Natur.Sci.Series 100, pp93.Academie 
Prague/CZ 
 
Chapelle, F.H. (2001) Groundwater Microbiology and Geo-chemistry. New York: John 
Wiley and Sons 
 
Cheng C.N., Focht D.D. (1979) Production of arsine and methylarsines in soil and in 
culture.  Apply Env. Microbiol. 38: 494-498 
 
Chukhlanttsev, V.G. (1956) Solubility products of arsenates. Journal of Inorganic 
Chemistry (USSR) 1:1975-1982 
 
Cord-Ruwisch R. (2000) Microbially influenced corrosion of steel. In Lovley D.R. (Ed.) 
Environmental microbe –metal interactions. ASM Press, Washington, DC., pp 159-173 
 
Cooper D., Pcardal F., Schimmelmann A., Coby A. (2003) Chemical and Biological 
interactions during Nitrate and Goethite reduction by Shewanella putrefaciens 200. 
Applied and Environmetal Microbiology, 69: 3517-3525 
 
References 
 
205 
Dang H.S., Pullat V.R., Sharma R.C. (1995) Distribution of Uranium in human organs of 
an urban Indian population and its relationship with clearance half-lives., Health Physics, 
68: 328-331 
 
Darcy H. (1856) Les fontaines publiques de la ville de Dijon. Dalmont, Paris. 647p. & 
atlas 
 
Davis J.A. and Kent D.B.(1990) Surface complexation modeling in aqueous 
geochemistry, Reviews in Mineralogy and Geochemistry; 23(1)177-260, U. S. Geol. 
Surv., Menlo Park, CA, United States 
 
 
Deer W.A., Howie R.A., and Zussman J. (1992) An introduction to the rock forming 
minerals, 2
nd
 edition. Longman scientific and Technical, Essex, UK, 696p 
 
DenAuWer C., Simmon E., Conradson S., Madic C. (2003) Investigating Actinyl Oxo 
Cations by X-ray Absorption Spectroscopy., European Journal of Inorganic Chemistry., 
2003: 3843-3859 
 
Denecke M.A. (2006) Actinide speciation using X-ray Absorption Fine Structure 
Spectroscopy. Coordination Chemistry Reviews, 250: 730-754 
 
Denecke M.A., Janssens K., Proost K., Rothe J., Noseck K.(2005) Confocal micrometer-
Scale X-ray Fluorescence and X-ray Absorption Fine Structure studies of Uranium 
speciation in tertiary sediment from a waste disposal natural analogue site. Environmental 
Science and Technology, 39: 2049-2058 
 
Dispirito A.A., Tuovinen O.H. (1981) Oxygen uptake coupled with uranous sulfate 
oxidation by Thiobacillus ferrooxidans and T. acidophilus. Geomicrobiology Journal, 2: 
275-291 
 
Dispirito A.A., Tuovinen O.H. (1982a) Kinetics of uranous ion and ferrous ion oxidation 
oxidation by Thiobacillus ferrooxidans. Archives of Microbiology, 65: 2987-2993 
 
Dispirito A.A., Tuovinen O.H. (1982b) Uranous ion oxidation and carbon dioxide 
fixation by Thiobacillus ferrooxidans. Archives of Microbiology, 133: 28-32 
 
Dzombak D.A., Morel, F.M. (1990) Surface complexation modeling, Hydrous Iron 
Oxide, John Wiley and Sons, 392 p. 
 
Eashwar M., Maruthamuthu S., Sathiyanarayanan S., Balakrishnan K. (1995) The 
enoblement of stainless alloys by marine biofilms-the neutral pH and passivity 
enhancement model. Corros. Sci. 37: 1169-1176 
 
Ehrlich H.L. (2002) Geomicrobiology. 4th edition. Marcel Dekker, New York. pp. 
xxiii+768 
References 
 
206 
 
EURACHEM/CITAC (200) Quantifying uncertainty in analytical measurement. 2nd 
edition. (www.eurachem.org/guides/QUAM2000-1.pdf) 
 
Farrell J., Wang J., O'Day P., Conklin M.(.2001) Electrochemical and spectroscopic study 
of arsenate removal from water using zero-valent iron media. Environ. Science Technol., 
35(10):2026-32 
 
Fiedor J.N., Bostick W.D., Jarabek R. J., Farrell J. (1998) Understanding the mechanism 
of Uranium removal from groundwater by Zero-Valent Iron using X-ray Photoelectron 
Spectroscopy. Environ. Science Technol., 32(10):1466-1473 
 
Federoff M., Lefevre G. (2005) Sorption mechanisms and models. Their influence on 
transport calculation. In B. Merkel, A. Hasche (Eds.). Uranium in the environment, 
Mining Impact and Consequences, Springer, Berlin, pp 341-358 (ISBN 10 3-540-28363) 
 
Ferguson J.F., Gavis J. (1972) A review of the arsenic cycle in natural waters. Water 
Research, 6: 1259-1274 
 
Fetter C.W.(1999) Contaminant Hydrogeology, Second Edition, Prentice-Hall Publishing 
Company, Upper Saddle River, NJ, 500 p. 
 
Fiedor N., Bostick D., Jarabek J., Farrel J. (1998) Understanding the mechanism of 
uranium removal from groundwater by zero-valent iron using X-ray Photoelectron 
Spectroscopy. Environ. Sci & Technol., 32, 1466-1473 
 
Francis A.J., Dodge C.J., Gillow J.B., Clinet C.E. (1991) Microbial transformation of 
uranium in wastes. Radiochimica Acta, 52(3):311-16 
 
Francis A.J. Dodge C.J., Lu F. Halada G.P. Clayton C.R. (1994) XPS and XANES 
Studies of uranium reduction by clostridium sp. Environ. Science Technol., 228:636-639 
 
Francis, A.J., Dodge C.J.(1998) Remediation of soils and wastes contaminated with 
uranium and toxic metals. Environ. Sci. Technol., 32: 3993-3998 
 
Fortin D., Ferris F.G. and Beveridge T.J. (1998) Surface-mediated mineral development 
by bacteria. In Geomicrobiology: Interactions between microbes and minerals (Banfield 
J.F.and Nealson K.H., Eds.), Reviews in Mineralogy, 35:161-180, Washington, D.C.: 
Mineralogical Society of America 
 
FZK (2004) Anka synchrotron radiation facility for microfabrication and analytical 
services. Beamline Book. Institut fuer SynchrotronsStrahlung, Forschungszentrum 
Karlsruhe, Karlsruhe (Germany) p.55 
 
References 
 
207 
Gnash R., Robinson K.G., Reed G.D., Saylor G.S. (1997) Reduction of hexavalent 
uranium from organic complexes by sulphate -and iron- reducing bacteria. Appl. Environ. 
Microbiol., 63: 4385-4391 
 
Gavaskar A.R. (1999) Design and construction techniques for permeable reactive 
barriers. Journal of Hazardous Materials, 68(1-2):41-71 
 
Gillham R.W. & O‘Hannesin S.F. (1994) Enhanced degradation of halogenated aliphatics 
by zero valent iron. Ground Water, 32: 958-967 
Giridhar J., Langmuir D. (1991) Determination of E
0
 for the UO2
(2+)
/U
4+
 couple from 
measurement of the equilibrium - UO2
(2+)
 + Cu(S) + 4H
+
= U
4+ 
+ Cu
2+ 
+ 2H2O at 25-
degrees-C and some geochemical implications. Radiochim. Acta, 54:133-138 
 
Gräfe M, Tappero R.V., Marcus M.A., Sparks D.L. (2008) Arsenic speciation in multiple 
metal environments: II. Micro-spectroscopic investigation of a CCA contaminated soil. 
Journal of Colloid and Interface Science 321: 1–20 
 
Green H.H.  (1918) Description of a bacterium which oxidizes arsenite to arsenate, and of 
one which reduces arsenate to arsenite, isolated from a cattle-dipping tank. South Africa 
Journ. of Sci. 14:465-467 
 
Grenthe I., Fuger J, Konings R.J.M., Lemire R.J., Muller A.B., Nguyen-Trung C., and 
Wanner H.(1992) Chemical Thermodynamics, Volume 1:Chemical Thermodynamics of 
Uranium:  North-Holland, Amsterdam, 1,714p. 
 
Grenthe I., Lagerman B. (1991) Studies on metal carbonate equilibria. 22. A colorimetric 
study of the uranium (VI)-carbonate system, the composition of the mixed hydroxide 
carbonates species. Acta Chem Scand., 45(2): 122-128 
 
Gorby Y.A., Lovley D.R. (1992) Enzymatic uranium precipitation. Environm. Sci. 
Technol., 26: 205-207 
 
Gu B., Liang L., Dickey M.J., Yin X., Dai S. (1998) Reductive Precipitation of Uranium 
(VI) by Zero-Valent Iron. Environm. Sci. Technol., 32:3366-3373 
 
Helland B.R., Alvarez P.J. J., Schnoor J. L.(1995) Reductive dechlorination of carbon 
tetrachloride with elemental iron. J. Hazard Mater., 41:205-216 
 
Herbelin A.L., Westall J.C. (1999) Fiteql: A computer program for determination of 
chemical equilibrium constants from experimental data. Version 4.0, Report 99-01, 
Oregon State University, Corvallis, Oregon 
 
Hernandez G., Kucera V., Thierry D., Pedersen A., Hermansson M. (1994) Corrosion 
inhibition of steel by bacteria. Corrosion, 50: 603-608  
 
References 
 
208 
Heron G., Cristensen T.H. (1994) The role of aquifer sediment in controlling redox 
conditions in polluted groundwater. In Dracos T.H. & Stauffer F. (Eds). Transport and 
reactive processes in aquifers, Proceedings of the IAHR/AIHR symposium on transport 
and reactive processes in aquifers, Zurich, Switzerland, 11-15 April. Balkema, Rotterdam 
ISO (International Organization for Standardization) (1993) Guide to the expression of 
uncertainty in measurement, corrected and reprinted (1995), Geneva, Switzerland. 
(ISBN: 92-67-10188-9 
 
ISO (International Organization for Standardization) (1993) International vocabulary of 
basic and general terms in metrology. Geneva, Switzerland (ISBN: 92-67-10175-1) 
 
 
Jiang W., Saxena A., Song B., Ward B.B., Beveridge T.J., Myneni S.C. B. (2004) 
Elucidation of functional groups on gram-positive and gram-negative bacterial surfaces 
using infrared spectroscopy. Langmuir, 20 (26):11433–11442 
 
Johnson J. (2007) U.S. presses for new nuclear weapons. Chemical and Engineering 
news, 86(12):34-37 
 
Kabata-Pendias A. (2007) Trace elements from soils to humans. Geophysical Research 
Abstracts.Vol.9, 11054, European Geoscience Union. sRef: ID:1607-7962/gra/EGU2007-
A-11054 
 
Kalin M., Klieβig G., Kleicher A.(2002) Ecological water treatment processes for 
underground uranium mine water: Progress after 3 years of operating a constructed 
wetland. In Merkel B., Planer-Friedrich B., & Wolkersdorfer C. (Eds.) Uranium in the 
Aquatic Environment. Proc. of the Intern. Conference Uranium Mining and 
Hydrogeology III and the Intern. Mine Water Association Symposium Freiberg, 
Germany, September15-21, Springer, Berlin 
 
Kelly S.D., Kemner K.M., Brooks S.C., Fredrickson J.K., Carrol S.L., Kennedy D.W, 
Zachara J.M., A. E. Plymale A.E., Fendorf S. (2005) Ca-UO2-CO3 Complexation and 
implications for bioremediation of U(VI).  Physica Scripta. Vol. T115, 915–917 
 
Kincaid B.M. (1975) Synchrotron Radiation Studies of K-Edge X-Ray Photoabsorption 
spectra; theory and experiment. PhD thesis, Stanford University, USA 
 
Kincaid B.M, Eisenberger P. (1975) Synchrotron radiation studies of the K-Edge 
photoabsorption spectra of Kr, Br2, and GeCl4: A comparison of theory and experiment. 
Phys. Rev. Lett., 34:1361 - 1364 
 
Kronig R. de L. (1931) Zur Theorie der Feinstruktur in den Röntgenabsorptionsspektren., 
Zeit. Phys., 70:317-323. 
 
References 
 
209 
Konisberger D.C.(1988) Laboratory EXAFS facilities. In Koningsberger D.C., Prins R. 
(Eds) X-Ray Absorption: Principles, Applications, Techniques of EXAFS, SEXAFS and 
XANES., John Wiley & Sons Inc., New York 
 
Kruskopf K.B. (1979) Introduction to Geochemistry, second edition. McGraw-Hill. New 
York 
 
Langmuir D. (1997) Aqueous Environmental Geochemistry. Prentice-Hall, Englewood 
Cliffs, 600pp. 
 
Lee W., Andowski Z.L., Nielsen P.H., Hamilton  W.A. (1995) Role of sulfate reducing 
bacteria in corrosion of mild steel: a review. Biofouling 8:165-194 
 
Lenhart J.J, Cabaniss S.E., MacCarthy P., Honeyman B.D (2000) Uranium(VI) 
complexation with citric, humic and fulvic acids. Radiochimica Acta, 88(6):345-353 
 
Lovley, D.R., Phillips E.J.P.(1992a) Bioremediation of uranium contamination with 
enzymatic uranium reduction. Environ. Science Technol., 26: 2228-2234 
Lovley, D.R., Roden E.E.,, Phillips E.J.P, Woodward J.C. (1993) Enzymatic iron and 
uranium reduction by sulfate reducing bacteria. Marine Geol., 113: 41-53 
 
Lovley D.R. (1993) Dissimilatory metal reduction. Ann. Rev. Microbiol., 47: 263-290 
 
Lovley D.R (1995) Bioremediation of organic and metal contaminants with dissimilatory 
metal reduction. Journal of Industrial Microbiology, 14:85-93 
 
Lovley D.R., and Philips E.J.P.(1992b). Reduction of uranium by Desulfofibrio 
desulfuricans. Environ. Science Technol., 58: 850-856 
 
Lovely D.R., Philips E.J.P., Gorby Y.A., Landa E.R. (1991) Microbial reduction of 
uranium. Nature, 350:413-416  
 
Lovley D.R. (1995) Bioremediation of organic and metal contaminants with dissimilatory 
Metal reduction. Journal of Industrial Microbiology, 14: 85-93 
 
Lovley, D.R., Philipps E.J.P (1992) Bioremediation of uranium contamination with 
enzymatic uranium reduction. Environmental Science and Technology, 26: 2228-2234 
 
Lloyd, J.R., Macaskie, L.E.(2000) Bioremediation of radioactive metals. In Lovley D.R. 
(Ed), Environmental microbe-metal interactions. ASM Press, Washington DC, pp 277-
327. 
 
Lytle F.W.(1999) The EXAFS family tree: a personal history of the development of 
extended X-ray absorption fine structure. . J. Synchrotron Rad., 6: 123-134 
 
Stern E.A., Sayers D.A., Lytle F.W. (1975) Extended x-ray-absorption fine-structure 
technique. III. Determination of physical parameters. Phys. Rev. B11: 4836-4846 
References 
 
210 
Ma Q.Y., Traina S.J., Logan T.J., Ryan J.A. (1993) In situ Pb immobilization by apatite. 
Environmental Science and Technology, 27: 1803-1810 
 
Mahoney J., Slaughter M, Langmuir D., Rowson J (2007) Control of As and Ni releases 
from a uranium mill tailings neutralization circuit: Solution chemistry, mineralogy and 
geochemical modeling of laboratory study results. Applied Geochemistry, 22(12): 2758-
2776 
 
Matheson L. J., Tratnyek P. G.(1994) Reductive dehalogenation of chlorinated methanes 
by iron metal. Environmental Science and Technology, 28(12):2045-2053. 
 
Myers, C.R., Myers J.M.(1992) Localization of Cytochromes to the Outer Membrane of 
Anaerobically Grown Shewanella putrefaciens MR-1. FEMS Microbiology Letters, 114: 
215-222 
 
Mallants D., Diels L., Bastiaens L., Vos J., Moors H., Wang L., Maes N.,Vandenhove H. 
(2002) Removal of uranium and arsenic from groundwater using six different reactive 
materials: assessment of Removal Efficiency. In Merkel B., Planer-Friedrich B., & 
Wolkersdorfer C. (Eds.) Uranium in the Aquatic Environment. Proc. of the Intern. 
Conference Uranium Mining and Hydrogeology III and the Intern. Mine Water 
Association Symposium Freiberg, Germany, September15-21, Springer, Berlin 
 
Manceau A., Boisset C., Sarret G., Hazemann L., Mench M., Cambier P., Prost R. (1996) 
Direct determination of lead speciation in contaminated soils by EXAFS spectroscopy. 
Environmental Science and Technology, 30:1540-1552 
 
Manceau A., Charlet L., Boisset M.C., Didier B., Spadin L. (1992) Sorption and 
speciation of heavy metals on hydrous Fe and Mn oxides. From microscopic to 
macroscopic. Applied Clay Science, 7: 201-223 
 
Manning B.A, Hunt M, Armenia C, Earmuff J.A (2002) Arsenic (III) and arsenic (V) 
reactions with zero valent iron corrosion products.  Environ. Sci. Technol. 36: 5455-5461 
 
Mbudi C., Merkel B. J. (2005): A Laboratory assessment of Uranium and Arsenic 
removal efficiency from Schneckenstein Uranium Tailing leachates using scrap metallic 
iron. – Wissenschaftliche Mitteilungen, Inst. Geol. TU BAF, 28: 43-49, Freiberg. 
 
Mbudi C. Behr P., Merkel B. (2007) The effect of background electrolyte chemistry on 
Uranium sorption on scrap metallic iron in the presence of Arsenic. In Candela, L., 
Vanilla, I., Agar, P., Bedbug, E., Trivia, M., Vanclooster, M., and Lopez-Geta, J.A. (Eds) 
(2007): Water Pollution in natural Porous media at different scales. Assessment of fate, 
impact and indicators. WAPO2. Instituto Geologico y Minero de Espana, Madrid 2007, 
ISBN 10: 84-7840-676-X, ISBN 13: 978-84-7840-676—0, p.759. 
 
Mbudi C., Merkel B. (2005). Uranium fate in saturated porous media under arsenic, iron 
and bacteria influence: The role of potassium. In B. Merkel, A. Hasche (Eds.). Uranium 
References 
 
211 
in the environment. Mining Impact and Consequences, Springer, Berlin, pp 341-358 
(ISBN 10 3-540-28363) 
 
Mbudi C., Merkel  B, Brendenbach B., Behra P. (2007). Mechanisms of Uranium 
Sorption onto Scrap Metallic Iron and Shewanella putrefaciens Surfaces in the Presence 
of Arsenic: An Extended X-Ray Absorption Fine Structure Spectral Analysis (To appear) 
 
Mbudi C., Brendenbach B., Merkel B.,  Behra P.(2007) Speciation of Uranium and 
Arsenic Sorbed onto Scrap Metallic Iron and Shewanella putrefaciens Surfaces: A 
XANES Fingerprinting Investigation. Wissenschaftliche Mitteilungen, Inst. Geol. TU 
BAF, 35:35-42, Freiberg 
 
McRae C.W.T., Blowes D.W., Ptacek C.J. (1999) In situ removal of arsenic from 
groundwater using permeable reactive barrier: A laboratory study. Sudbury ―99-Mining 
and the Environment II Conference, September 13-17, Sudbury, Ontario, pp 601-609 
 
Meinrath G.(1998) Aquatic Chemistry of Uranium. A review focusing on aspects of 
environmental chemistry, Freiberg Online Geoscience 1 101 (www.geo.tu-
freiberg.de/fog/FOG_Vol_1.pdf) 
 
Meinrath G., Volke P., Helling C., Dudel E.G., Merkel B.J.(1999) Determination and 
interpretation of environmental water samples contaminated by uranium activities, 
Fresenius Journal Anal. Chem., 364: 191-202 
 
Meinrath A., Schneider P., Meinrath G. (2003) Uranium ores and depleted uranium in the 
environment, with a reference to uranium in the biosphere from the Erzgebirge/Sachsen, 
Germany. Journal of Environmental Radioactivity 64, 175-193 
 
Meinrath G., Merkel B., Ödegaard-Jensen A., Ekberg C. (2004) Sorption of Iron on 
Surfaces: Modelling, Data, Evaluation, and Measurement Uncertainty. Acta hydrochim. 
hydrobiology., 32(2):154-160 
 
Meinrath G. (1996) Coordination of uranyl(VI) carbonate species in aqueous solutions. 
Journal of Radioanalytical and Nuclear Chemistry, 211, 349-362 
 
Meinrath G., Volke P., Helling C., Dudel E.G., Merkel B.J. (1999) Determination of 
environmental water samples contaminated by uranium mining activities. Fresenius J. 
Anal. Chem., 364:191-202 
 
Merkel B.J., Preuβer R., Namounn T., Gottschalk S., Kutschke S.(1998) Natural leaching 
of uranium from the Schneckenstein uranium mine tailing. In  Uranium Mining and 
Hydrogeology II , Verlag Sven von Loga, Koln 
 
Merkel B.J. (2004) Modeling of arsenic removal from water. Wissenschaftliche 
Mitteilungen . Institut für Geologie. TU BAF, 25:119-124 (ISSN 1433-1284) 
 
References 
 
212 
Morales J., Esparza P., Gonzalez S., Salvarezza R., Arevalo M.P. (1993) The Role of 
Pseudomonas Aeruginosa on the Localized Corrosion of 304 Stainless Steel. Corrosion 
Science (UK)., 34(9):1531-1540 
 
Morrison S. J. and Spangler R. R. (1992) Chemical barriers for controlling groundwater 
contamination: Environ. Prog., 12:175-181 
 
Morrison S.J., Metzler R.D., Dwyer B.P. (2002) Removal of As, Mn, Mo, Se, U, V and 
Zn from groundwater by zero valent iron in a passive treatment cell: Reaction progress 
modeling. Journal of Contaminant Hydrology, 56(1-2): 99-116  
 
Morel F.M.M., Hering J.G. (1993) Principles and applications of aquatic chemistry. John 
Wiley & Sons, New York 
 
Murphy W.M., Shock E.L. (1999) Environmental aqueous geochemistry of actinides. 
Uranium: Mineralogy, Geochemistry, and the Environment. Reviews in Mineralogy and 
Geochemistry. (Burns, P.C., and R. Finch, Eds.), Reviews in Mineralogy 38,221-253 
Washington, D.C.: Mineralogical Society of America 
 
Myers, C.R., Myers J.M.(1992) Localization of Cytochromes to the Outer Membrane of 
Anaerobically Grown Shewanella putrefaciens MR-1. FEMS Microbiology Letters.,114: 
215-222 
 
Naamoun T.(2002). Hydrogeochemical and Radiometric Investigation of the Uranium 
Tailings Schneckenstein, Ph.D. Thesis, Technische Universitat Bergakademie Freiberg 
 
National Research Council (1999) Arsenic in Drinking Water. Washington, DC, National 
Academy Press, 310 
 
Newville M. , Līviņš P. P., Yacoby Y. , Rehr J. J., Stern E. A.. (1993) Near-edge x-ray-
absorption fine structure of Pb: A comparison of theory and experiment. Physical Review 
B, 47(21):14126-14131 
 
Nitstche O., Meinrath G., Merkel B. (2000) Database uncertainty as a limiting factor in 
reactive transport prognosis: Prospects and limitations. Environmental Science and 
Technology, 37: 4304-4308 
Nordstrom D.K., Archer D.G. (2003)Arsenic thermodynamic data and environmental 
geochemistry, In Arsenic in Ground Water, A.H. Welch and K.G. Stollenwerk (Eds)., 
Kluwer Publishers, pp1-26.  
Noubactep C., Meinrath G., Dietrich P., Merkel B. (2003): Mitigating uranium in 
groundwater: prospects and limitations. Environmental Science and Technology, 37: 
4304-4308 
 
References 
 
213 
Noubactep C., Schöner A., Meinrath G. (2006) Mechanism of uranium removal from the 
aqueous solution by elemental iron. Journal of Hazardous Materials B132: 202-212 
 
Ogata A. (1970) Theory of Dispersion in a granular medium. U.S. Geological Survey. 
Professional Paper 411-1:1-34. 
 
Onishi, H. (1969) Arsenic. In: Wedepohl, K.H.(Ed.)  Handbook of geochemistry, Volume 
II-2, Chapter 33, Berlin, Springer-Verlag. 
 
Osborne F.H. (1973) Arsenite oxidation by a soil isolate of Alcaligenes. Ph.D. Thesis. 
Renselaer Polytechnic Inst., Troy, NY 
 
O‘Reilly S.E., Strawn D.G., Sparks D.L. (2001) Residence time effects on arsenate 
adsorption/desorption mechanisms on goethite. Soil Science Society of America Journal, 
65: 67-77 
 
Parkhurst, D.L., Kipp, K.L., Engesgaard, Peter, and Charlton, S.R.(2004) PHAST--A 
program for simulating ground-water flow, solute transport, and multicomponent 
geochemical reactions: U.S. Geological Survey Techniques and Methods 6-A8, 154 p 
 
Parkhurst D.L., Appelo C.A.J. (1999) User‘s Guide to PHREEQC (Version 2)- A 
Computer Program for Speciation, Batch-Reaction, One Dimensional Transport, and 
Inverse Geochemical Calculations.-U.S. Geol. Surv. Water-Resour. Invest. Report 99-
4259, 326p 
 
Parra A., Carpio J., Martinez L. (1996) Microbial corrosion of metals exposed to air in 
tropical marine environments. Mater. Performance, 35:44-49 
 
Phillips S.E., Taylor M.L. (1976) Oxidation of arsenite and arsenate by Alkaligenes 
faecalis. Apply Environ. Microbiol. 32: 392-399 
 
Priest N.D. (2001) Toxicity of depleted uranium. Lancet, 357: 244-246 
 
Rademacher L.K., Lundstrom C. C., Johnson T.M., Sanford R. A., Zhao J., Zhang Z. 
(2006) Experimentally determined uranium isotope fractionation during reduction of 
hexavalent U by bacteria and zero valent iron. Environmental Science and Technology, 
40: 6943-6948 
 
Ravel B., Newville M. (2005) Athena, Artemis, Hephaestus: Data Analysis for X-ray 
Absorption Spectroscopy using IFEFFIT. Journal of Synchrotron Radiation. 12, 537-541 
 
Riemann C., de Caritat P. (1998) Chemical Elements in the Environment-Fact sheets 
for the Geochemist and Environmental Scientist. ISBN 3-540-63670-6. Springer–
Verlag, Berlin, Germany, 398p. 
. 
References 
 
214 
Rude Th.(1996). Beiträge zur Geochemie des Arsens. Dissertation. Karlsruher 
Geochemische Hefte, Schriftreihe des Institutes für Petrographie und Geochemie, 
Universität Karlsruhe, Vol. 12, 206. 
 
 
Rutsch M., Geipel G., Brendler V., Bernhard G., Nitsche H. (1999) Interaction of 
Uranium (VI) with Arsenate (V) in Aqueous Solution Studied by Time Resolved Laser-
Induced Fluorescence Spectroscopy (TRLFS). Radiochimica Acta, 86: 135-141 
 
Sadeghi eS., Mohammadzadeh D., Yamini Y.(2003). Solid-phase Extraction-
Spectrophotometric Determination of Uranium (VI) in Natural Waters. Anal Bioanal 
Chem., 375:698-702 
 
Santini J.M., Sly L.I., Schnagl R.D., Macy J.M.(2000). A new chemolithotrophic 
arsenite-oxidizing bacterium isolated from a gold mine: Phylogenetic, physiological, and 
preliminary biochemical studies. Apply Environ. Microbiol., 66: 92-97 
 
Savvin S.B. (1961) Analytical use of Arsenazo III, Determination of thorium, zirconium, 
uranium and rare earth elements Talanta, 8: 673.-685 
 
SEGH (Eds.) (1998) Book of abstracts of the international conference on Arsenic 
exposure and health effects of the Society of Environmental geochemistry and Health 
(SEGH). San-Diego, California   
 
Scheinost C., Kretzschmar R., Pfister S., Roberts R. (2002) Combining selective 
sequential extractions, X-ray Absorption Spectroscopy and principal component analysis 
for quantitative Zinc speciation in soil. Environmental Science and Technology, 30:1540-
1552 
 
Schneider P., Neitzler P.L., Osenbrück K., Noubactep C., Merkel B.J., Hurst, S. (2001a) 
In situ treatment of radioactive mine waters using reactive materials. Results of field 
experiments in uranium ore mines in Germany. Acta hydrochem. Hydrobiol., 29:129-138 
 
Schneider P., Voerkelius S., Nindel, Forster M., Schreyer (2001b): Release of 
contaminants from uranium mine waste. Laboratory and field experiments. Mine water 
and the environment, 20: 30-38 
 
Seidel M.M., Planer-Friedrich B., Merkel B.J. (2002): Hydrogeochemical 
characterization of surface water, sorption of metals (loids) on sediments and exchange 
processes within the wetland Lengenfeld, Germany. In Merkel B., Planer-Friedrich B., & 
Wolkersdorfer C. (Eds.) Uranium in the Aquatic Environment. Proc. of the Intern. 
Conference Uranium Mining and Hydrogeology III and the Intern. Mine Water 
Association Symposium Freiberg, Germany, September15-21, Springer, Berlin 
 
Selby L. A., Case A. A., Darn C. R., Wagstaff. D. J. (1974) Public health hazards 
associated with arsenic poisoning in cattle. J. Am. Vet. Med. Assoc. 165: 1010 
References 
 
215 
Sigg L., Behra P., Stumm W. (2006) Chimie des milieux aquatiques, Dunod, Paris, 4th 
edition.  
Singh S.P., Ma L.Q., Harris W.G. (2001) Heavy metal interactions with phosphatic clay: 
Sorption and desorption behavior. Journal of Environmental Quality, 30: 1961-1968 
Sivavec T.M., Horney D.P. (1995) Reductive dechlorination of chlorinated ethenes by 
iron metal, Preprints of the papers presented at the 209
th
 ACS national meeting, Anaheim, 
CA, USA, pp 695-698 
Smith D.K. (1984) Uranium Mineralogy. In: de Vito (Ed.), Uranium geochemistry, 
mineralogy, geology, exploration and resources. The Institute of Mining and Metallurgy, 
London UK, pp43-88 
 
Steefel C.I. , Macquirie K.T.B. (1996) Approaches to modeling reactive transport in 
porous media.  In Reactive Transport in Porous Media (P.C. Lichtner, C.I. Steefel, and 
E.H. Oelkers, eds.), Reviews in Mineralogy, 34: 83-125. 
Stollenwerk, K.G.(2003) Geochemical processes controlling transport of arsenic, in 
Welch, A.H., and Stollenwerk, K.G., eds., Arsenic in Ground Water: Geochemistry and 
Occurrence: Boston, Kluwer Academic Publishers, pp 67-100. 
 
Stumm W., Morgan J.J. (1976) Aquatic Chemistry: Chemical Equilibria and Rates in 
Natural Waters, 3
rd 
edition. Wiley, New York 
Sposito G. (1986) Distinguishing adsorption from surface precipitation. In Geochemical 
processes at mineral surfaces. Davis J.A. and Hayes K.F. (Eds), American Chemical 
Society, Washington, DC, pp: 217-228 
Su C., Puls R. (2001): Arsenate and arsenite removal by Zero valent Iron: Kinetics, redox 
and transformation, and implication for in situ groundwater remediation. Environmental 
Science and Technology, 35: 1487-1492  
 
Teo B. K. (1986) EXAFS: Basic principles and data analysis, Inorganic chemistry 
concepts 9, Springer- Verlag, Heidelberg  
 
Turner D.R.., Whitfield M., Dickson, A.G. (1981) The equilibration speciation of 
dissolved components in freshwater and seawater at 25
0
 C and 1 atm pressure. 
Geochimica et Cosmochimica Acta, 45: 855-881 
 
Turner A.W. (1949) Bacterial oxidation of arsenite. Nature (Lond): 164:76-77. 
 
Turner A.W. (1954) Bacterial oxidation of arsenite. I. Description of bacteria isolated 
from arsenical cattle-dipping fluids. Aust. Journ. Biol. Sci., 7: 452-478 
 
References 
 
216 
Underwood E.J.(1971). Trace elements in human and animal nutrition. 3rd ed. Academic 
Press, New York, N.Y. 543p. 
 
Uhrie J.L., Drever J.I., Colberg P.J.S., Nesbitt C.C. (1996) In situ immobilization of 
heavy metals associated with uranium leach mines by bacterial sulphate reduction. 
Hydrometallurgy 43: 231-239 
 
Verruijt A.(1995) Groundwater flow. Lecture Notes, International Institute of 
Infrastructural, Hydraulic and Environmental Engineering, Delft, the Netherlands 
 
Vogan J. L., Focht R. M., Clark D. K., Graham S. L. (1999) Performance evaluation of a 
permeable reactive barrier for remediation of dissolved chloride solvents in groundwater. 
Journal of Hazardous Materials, 68:97-108 
 
Waite T.D., Davis J.A., Payne T.E., Waychunas G.A., Xu N.(1994) Uranium (VI) 
adsorption to ferrihydrite. Application of a surface complexation model. Geochim. 
Cosmochim. Acta, 58:5465–5478 
 
Wagman D.D., Evans W.H., Parker V.B., Schumm R.H., Halow I., Bailey S.M., Churney 
K.L.,  Nuttall R.L.(1982) The NBS tables of chemical thermodynamic properties, 
selected values for inorganic and c1 and c2 organic substances in SI units:  J. Phys. 
Chem. Ref. Data, V. 11, supp. 2,392p. 
 
Waychumas G.A., Rea B.A., Fuller C.C., Davis J.A. (1993) Surface chemistry of 
ferrihydrite: Part 1. EXAFS studies of the geometry of coprecipitated and adsorbed 
arsenate. Geochimica et Cosmochimica Acta, Vol 57: 2251-2269 
 
Welch A.H., Stollenwerk K.G.(Eds) (2003) Arsenic in Ground Water: Geochemistry and 
Occurrence: Boston, Kluwer Academic Publishers, 475 p. 
 
Wolkersdorfer C. (1995) Flooding of abandoned uranium mine: A geohydrochemical 
case study in the Saxonian Erzerbirge. In Merkel B., Hurst S., Lohnert E.P. & 
Struckmeier (Eds) Proc. of the Intern. Conference Uranium Mining and Hydrogeology I 
and Workshop, Freiberg, Germany, Verlag Sven von Loga, Koln 
 
Woolfolk C.A., Whitely H.R.(1962) Reduction of inorganic compounds with molecular 
hydrogen by Micrococus lactilyticus. I. Stoichiometry with compounds of arsenic, 
selenium, tellurium, transition and other elements. Journ.  Bacteriol., 84: 647-658 
 
http://www.singleton-associates.org/gifs/cell.jpg: Singleton Associates web site as seen in 
2008  
 
Yeh G. T., Tripathi V. S.(1989) A critical evaluation of recent developments of 
hydrogeochemical transport models of reactive multi-chemical components. Water 
Resources Res., 25(1): 93-108. 
 
References 
 
217 
Zhu Y., Merkel B.(2001) The dissolution and solubility of scorodite, FeSO4.H2O-
Evaluation and simulation with PHREEQC.-Wissenschaftliche Mitteilungen. Institut für 
Geologie. TU BAF, 18: 72-87 (ISSN 1433-1284) 
 
 
 
 
 
 
 
 
 
 
List of Figures and Tables 
 
218 
List of Figures 
 
Figure 1.1: Evolution of nuclear warheads between the USA and the USSR/Russia from 
the end of World War II to date. Other self declared and presumed nuclear powers 
combined have fewer than 1500 warheads. UK, France and China are accredited 
with fewer than 350 each. India, North Korea, Pakistan and Israel may have fewer 
than 100 each (Johnson, 2007). ................................................................................ 2 
Figure 1.2: Uranium Tailings Schneckenstein metal inventory (data from Merkel et al. 
1998). ...................................................................................................................... 3 
Figure 2.1: Eh-pH diagram of uranium in the system U-Fe-H20-CO2. (Noubactep et al., 
2003) ..................................................................................................................... 29 
Figure 2.2: Eh-pH diagram of the system As-Fe-S-H2O (Zhu and Merkel, 2001) .......... 31 
Figure 2.3: Typical bacteria cell structure (www.singleton-associates.org) .................... 35 
Figure 2.4: Possible interactions paths of arsenic compounds with bacteria (a) and fungi 
(b). Microbial catalyzed oxidation of methylated arsine suggested by Cheng and 
Focht (1979) is not indicated. ................................................................................. 41 
Figure 2.5: The concept of a permeable reactive barrier as groundwater passive 
remediation technology (a) and the basic design configurations (b, c and d) 
(Gavaskar, 1999) ................................................................................................... 45 
Figure 2.6: An electrochemical model of hydrogen consuming sulfate reducing bacteria 
(SRB) which can mediate anaerobic corrosion of a metal using elemental sulfur as 
electron acceptor (Cord-Ruwisch, 2000). Four different corrosion pathways are 
portrayed: cathodic depolarization (1), anodic depolarization by Fe2+ removal (2), 
stimulation by the formation of an iron sulfide layer (3) and supply of protons to the 
cathode (4). ............................................................................................................ 47 
Figure 2.7: Summary of major mechanisms of radionuclide-microbe interactions (Lyod 
and Macaskie, 2000) .............................................................................................. 50 
Figure 3.1: Sampling natural groundwater from a monitoring well at the Schneckenstein 
uranium tailings ..................................................................................................... 55 
Figure 3.2: Original scrap metallic iron of 1-5 cm long pieces ....................................... 57 
Figure 3.3: Culturing Shewanella putrefaciens at ambient temperature .......................... 60 
Figure 3.4: Column experiment using the 40 cm height columns (top) and 20 cm height 
column (bottom). ................................................................................................... 62 
Figure 3.5a: Experiment using the 80 cm height PVC column (top) and the computerized 
sensors system for recording physico-chemical parameters (bottom). ..................... 63 
Figure 3.5b: Columns lay out......................................................................................... 65 
Figure 3.6: The structure of Arsenazo III ....................................................................... 66 
Figure 3.7: The structure of the complex UO22+ with arsenazo III ................................ 67 
Figure 3.8: A typical calibration curve used for the photometric determination of uranium 
using the arsenazo III. ............................................................................................ 67 
Figure 3.9: The effect of CuSO4 on the uranium calibration curves compared to the 
Schneckenstein Uranium Tailings leachates S1 and S2. ......................................... 70 
Figure 3.10: A Zeiss AAS 4 EA typical calibration curve (peak heights) ....................... 71 
Figure 3.11: Schematic representation of the outgoing photoelectron wave (solid lines) 
and the backscattering (dashed lines) from neighboring atoms responsible for the 
modulations in both XANES and EXAFS regimes. ................................................ 79 
List of Figures and Tables 
 
219 
Figure 3.12: A XAFS L3-edge spectrum of solid UO2 with the corresponding XANES 
spectra of U3O8 and UO3 for the qualitative determination of speciation 
(―fingerprint‖) whereas the EXAFS region is displayed in the photoelectron wave 
vector k3 weighted (Denecke, 2006) ...................................................................... 79 
Figure 3.13: Structural atomic model of the UO2(CO3)34- derived from the U L3-edge 
EXAFS in k space weighted 3 and the corresponding Fourier transform with fitting 
of the theoretical model in dotted lines taking into account the multiple scattering 
effect in the EXAFS regime (Denecke, 2006). ....................................................... 83 
Figure 3.14: A pictorial view of the Synchrotron Angstroemquelle Karlsruhe (Anka) 
facility ................................................................................................................... 85 
Figure 3.15: A schematic overview of the Anka synchrotron facility showing the spatial 
location of its main components: a microtron, 0.5 GeV booster, beamlines and 
experimental stations around the 2.5 GeV storage ring (FZK, 2004) ...................... 86 
Figure 3.16: Simulated Anka brilliance with installed insertion devices. Parameters for 
calculations included 200 mA current, 28 mm for the WERA undulator, a gap of 23 
mm for the SUL Wiggler, and 5 mm for the sc-mini undulator (FZK, 2004) .......... 87 
Figure 3.17: Generic drawing of a beamline basic optical components and related 
experimental set ups for major bulk XAFS measurement modes (Denecke, 2006) . 87 
Figure 3.18: A typical Grazing Incidence XAFS setup at the INE beamline experimental 
hutch for the characterization of sorbed species. .................................................... 88 
Figure 3.19: A view of the actual fluorescence mode set up centered by a plastic 
containing the eppendorf vial containing the sample positioned using a goniometer 
with respect to the 1 mm diameter beam. ............................................................... 91 
Figure 3.20: flow chart of experimental EXAFS spectrum fitting using theoretical 
EXAFS models. ..................................................................................................... 97 
Figure 4.1a: Aqueous speciation calculation of the experimental bi-component system 50 
µM uranium-arsenic in a 0.01 M KCl Background electrolyte solution. ............... 102 
Figure 4.1b: Simulated aqueous speciation of the experimental bi-component system of 
50 µM Uranium-Arsenic in =.0.01 M KCl Background electrolyte solution taking 
into account Rutsch et al. (1997) complexe formation constants........................... 103 
Figure 4.2: Effect of pH on uranium (initial aqueous concentration: 50µM) on uranium 
sorption kinetics onto scrap metallic iron either in the absence or the presence of 
50µM arsenic in 0.01M KCl ................................................................................ 104 
Figure 4.3: Effect of ionic strength on uranium removal as Log-Log isotherm scatter plot 
in the contact of scrap metallic iron (experimental conditions: different KCl 
concentrations spiked with 50µM U(VI) alone or both 50µM U(VI) and 50µM 
As(V). ................................................................................................................. 105 
Figure 4.4: Effect of 0.01M ligand on uranium (initial aqueous concentration: 50 µM) 
sorption onto scrap metallic iron either in the absence or in the presence of arsenic 
of arsenic (50 µM) at initial pH 4.5 ...................................................................... 106 
Figure 4.5: Effect of 0.01M background electrolyte metal cation on uranium (initial 
aqueous concentration: 50 µM) sorption onto scrap metallic iron either in the 
absence or in the presence of arsenic of arsenic (50 µM) at initial pH 4.5............. 107 
Figure 4.6: pH dependent simulated distribution of the saturation index of the compound 
KUO2AsO4 and Schoepite without uranyl arsenate complexe formation constants 
List of Figures and Tables 
 
220 
given by Rutsch et al (1997) [1] compared to their incorporation in the calculations 
[2]........................................................................................................................ 108 
Figure 4.7: XRD comparative patterns of the potassium uranyl arsenate oxy-hydrate 
KAsUO6 [3H2O] compound from the columns and the mineral Abernathyite 
[K[UO2][AsO4][H2O]3] ..................................................................................... 109 
Figure 4.8: Sorption of uranium onto scrap metallic iron from 0.01M NaCl solution 
compared to 0.01M KCl solution spiked both with initial uranium concentrations 
varying from 1µM (0.238 mg/L) to 100µM (23.81mg/L) ..................................... 114 
Figure 4.9: Normalization to uranium atomic mass of the comparative sorption of 
uranium onto scrap metallic iron from 0.01M NaCl and 0.01M KCl solutions spiked 
both with initial uranium concentrations varying from 1µM to 100µM ................ 115 
Figure 4.10: Comparative sorption of uranium onto scrap metallic iron from 0.01M NaCl 
and 0.01M KCl background electrolyte solutions spiked with arsenic to uranium 
molar ratio varying from 0 to 2. The arsenic concentrations increased within the 
range of 1µM (0.075 mg/l) to 100µM (7.5 mg/l) with a constant uranium 
concentration of 50µM (11.9mg/l) ....................................................................... 116 
Figure 4.11: Comparing uranium sorption behavior onto metallic iron resulting from the 
upgrade of uranium, arsenic and both uranium and arsenic content of the 
Schneckenstein leachate PNP9 ............................................................................. 117 
Figure 4.12: Normalization to uranium atomic mass of the comparative sorption of 
uranium onto scrap metallic iron from the upgraded uranium, arsenic and both 
uranium and arsenic concentrations of the Schneckenstein leachate PNP9 ........... 118 
Figure 4.13: The effect of the upgraded arsenic concentration on uranium removal from 
Schneckenstein leachate PNP9 ............................................................................. 119 
Figure 4.14: Simulation of the aqueous speciation of the system 0.01M KCl based input 
solution compared to 0.01M NaCl background electrolyte solution containing both 
50μM U-As at pH 4.5 .......................................................................................... 121 
Figure 4.15 The rate of uranium and arsenic fixation onto natural iron minerals.  Initial 
mono-component uranium or arsenic solution concentration amounts 50µM in 
0.01M KCl at pH 4.5. .......................................................................................... 122 
Figure 4.16: Uranium removal rate by natural goethite-quartz and pyrite-calcite-ankerite 
from a solution of 0.01M NaCl and KCl spiked with 50µM U-As at starting pH of 
4.5. ...................................................................................................................... 123 
Figure 4.17: Rate of 50µM uranium removal under 50µM M arsenic influence as bi-
component spikes of respectively 0.01M KCl and 0.01M NaCl background 
electrolyte solutions at pH 4.5 equilibrated with metallic iron, and a mixture of 
metallic iron (90%) and calcite (10%). ................................................................. 126 
Figure 4.18: Comparative removal of uranium for initial concentrations varying from 
1μM (0.238 mg/L) to 100μM (23.81 mg/L) in 0.01M NaCl and 0.01M KCl 
background electrolyte solutions in contact with respectively scrap metallic iron 
alone or mixed with 10% calcite (staring solution pH of 4.5) ............................... 128 
Figure 4.19: Normalization to uranium atomic mass of the comparative removal of 
uranium concentrations varying from 1μM (0.238 mg/L) to 100μM (23.81 mg/L) in 
0.01M NaCl and 0.01M KCl background electrolytes in contact with respectively 
scrap iron alone or mixed with 10% calcite ( staring solution pH of 4.5) .............. 129 
List of Figures and Tables 
 
221 
Figure 4.20: Removal of uranium from solutions of 0.01M NaCl and 0.01M KCl 
background electrolyte solutions whereby arsenic to uranium molar concentrations 
ratio varies from 0 to 2. The arsenic concentrations increased within the range of 
1μM (0.075 mg/L) to 100μM (7.5 mg/L) with uranium concentration kept constant 
at 50μM (11.9 mg/L). The solid phase comprised respectively scrap iron alone or 
mixed with 10% calcite in contact with solution of initial pH of 4.5 ..................... 130 
Figure 4.21: Arsenic enhanced uranium removal from water only or from water in contact 
with glass beads and Frechen sand at initial pH of 4.5 and concentration of 50 μM U 
or 50 μM U-As at different ionic strength. ........................................................... 131 
Figure 4.22: Uptake  effectiveness of uranium from respectively  0.01M NaCl 
background electrolyte solution compared to 0.01M KCl background electrolyte 
solution spiked in either case with 0.05mM of uranium and arsenic at initial pH 4.5 
pumped in a 40 cm column packed with Frechen sand (90%) and scrap metallic iron 
(10%) .................................................................................................................. 132 
Figure 4.23: Removal effectiveness of uranium and arsenic from Scheneckenstein 
Uranium Tailings PNP9 leachate upgraded to 0.05mM uranium-arsenic at near 
neutral pH in contact with respectively Frechen sand alone and a mixture of Frechen 
sand (90%) and scrap metallic iron (10%) ............................................................ 133 
Figure 4.24a: Comparing uranium fixation onto various sorbents from 0.01M KCl 
solution spiked with 0.05mM uranium-arsenic at initial pH of 4.5........................ 135 
Figure 4.24b: Comparing final pH of column effluents from the experiments designed to 
assess uranium fixation onto various sorbents in contact with 0.01M KCl 
background electrolyte solution spiked with 0.05mM uranium-arsenic at initial pH 
of 4.5 ................................................................................................................... 136 
Figure 4.25a: pH and temperature of the effluent solution from column 1 .................... 138 
Figure 4.25b: Bulk redox potentials of the effluent water from column 1 ..................... 139 
Figure 4.26a: pH and temperature of the effluent water from column 2 ........................ 140 
Figure 4.26b: Bulk redox potentials of the effluent water from column 2 ..................... 140 
Figure 4.27a: pH and temperature of the effluent water from column 3 ........................ 141 
Figure 4.27b: Bulk redox potentials of the effluent water from column 3 ..................... 141 
Figure 4.28a: Comparison of isotherms of uranium sorbed onto quartz d‘Alsace and from 
0.01 M NaNO3 spiked with mono-component uranium or bi-component uranium –
arsenic ................................................................................................................. 143 
Figure 4.28b: Sorption isotherms of arsenic from 0.01 M NaNO3 spiked with mono-
component uranium or bi-component uranium –arsenic onto quartz sand. The insert 
magnifies the linear portion of both isotherms...................................................... 144 
Figure 4.29a: Isotherms of uranium sorbed onto iron coated quartz sand ..................... 145 
Figure 4.29b: Isotherms of arsenic sorbed onto iron coated quartz sand ....................... 146 
Figure 4.30a: Sorption isotherms of uranium sorbed onto scrap metallic iron. The solid 
lines illustrate the geometry of the isotherm trends. .............................................. 147 
Figure 4.30b: Sorption isotherms of arsenic onto scrap metallic iron ........................... 147 
Figure 4.31a: Comparison of sorption behavior of uranium in contact with three different 
phases as a function of arsenic at equilibrium from a 0.01 M NaNO3 background 
electrolyte solution spiked with a constant 2.5 μM uranium and arsenic 
concentration ranging from 0 to 5μM at initial pH of 4.5. The insert magnifies 
uranium sorbed onto scrap metallic iron ............................................................... 148 
List of Figures and Tables 
 
222 
Figure 4.31b: Comparison of sorption isotherms of arsenic as a function of the solid 
phase from a 0.01 M NaNO3 solution spiked with a constant 2.5 μM uranium and 
arsenic concentration ranging from 0 to 5 μM. The insert magnifies arsenic sorption 
isotherm onto scrap metallic iron. ........................................................................ 149 
Figure 4.32a: Dissolved iron from quartz sand d‘Alsace as a function on the initial U, As 
or U-As input concentrations at pH 4.5 ................................................................ 150 
Figure 4.32b: Dissolved iron from iron coated quartz sand d‘Alsace as a function on the 
initial U, As or U-As input concentrations at pH 4.5 ............................................ 151 
Figure 4.32c: Dissolved iron scrap metallic iron as a function on the initial U, As or U-As 
input concentrations at pH 4.5.............................................................................. 151 
Figure 4. 32d: Comparison of the amount of dissolved iron from the three sorbents as a 
function on the initial As input concentration for a constant uranium concentration 
of 2.5μM at pH 4.5 .............................................................................................. 152 
Figure 4.33: Uranium breakthrough from a competitive transport experiment using a 0.01 
M NaNO3 background electrolyte solution spiked 2.5μM of uranium with 
increasing steps of arsenic spanning from 0 to 5 μM at initial pH of 4.5 ............... 154 
Figure 4.34: Arsenic steps breakthrough from a  0.01 M NaNO3 background electrolyte 
solution containing 2.5μM of uranium with arsenic concentrations ranging from 0 to 
5 μM at initial pH of 4.5 ...................................................................................... 155 
Figure 4.35: Comparison of uranium and arsenic breakthroughs. The insert illustrates 
uranium and arsenic behaviors near the end of the second step of arsenic initial input 
at 1.25 μM ........................................................................................................... 156 
Figure 4.36: Iron dissolution from quartz d‘Alsace ...................................................... 157 
Figure 4.37: Comparing iron dissolution pattern to uranium and arsenic breakthrough 
curves .................................................................................................................. 157 
Figure 4.38: pH-edge of uranium sorption alone onto an ideal HFO surface at 
respectively high concentration (50μM) and low concentration (5μM) using the 
generalized double layers surface complexation model ........................................ 170 
Figure 4.39: pH-edge of sorption of a bi-component uranium-arsenic system onto an ideal 
HFO surface at respectively high concentration (50μM) and low concentration 
(50μM) using the generalized two layers surface complexation theory ................. 171 
Figure 4.40: Simulated reactive transport of uranium alone and in the presence of arsenic 
onto a column packed with quartz sand d‘Alsace as in the experiment depicted in 
figure 4.28 but for total pore volumes of 1/10 using ion exchange and surface 
complexation. The insert corresponds to the end of the actual second experimental 
step with arsenic input of 1.25μM ........................................................................ 172 
Figure 4.41: Normalized U L3- edge XANES spectra of the experimental samples Fe-U, 
Fe-U-As and Fe-U-As-bacteria cells compared to schoepite spectrum.................. 176 
Figure 4.42: Normalized As K-edge XANES spectra of the samples Fe-U-As and Fe-U-
As-Shewanella putrefaciens cells compared to the spectra of the reference 
compounds [As(0)], As[III]2O3 and As[V]2O5 ................................................... 177 
Figure 4.43: First derivative of the normalized As K- edge XANES spectra of the 
samples Fe-U-As and Fe-U-As-Shewanella putrefaciens cells compared to the 
reference compounds [As(0)], As[III]2O3 and As[V]2O5 .................................... 177 
Figure 4.44a: A comparison of the normalized and background subtracted x(k) of the 
sorption experiment samples spectra to the reference schoepite spectrum............. 181 
List of Figures and Tables 
 
223 
Figure 4.44b: Comparing Fourier transforms of experimental samples to schoepite ..... 182 
Figure 4.44c:  Backward Fourier transforms of experimental samples compared to 
schoepite ............................................................................................................. 183 
Figure 4.44d: Fourier transform of uranium spectra compared to schoepite spectrum for 
the k range 3-10 A-1 weighted 3. ......................................................................... 183 
Figure 4.44e: Comparing k-weights 1-2-3 of Fourier transformed uranium spectra in the 
Fe-U system for the k range 3-10 A-1 .................................................................. 184 
Figure 4.44f: Comparing k-weights 1-2-3 of Fourier transformed uranium spectra in the 
Fe-U-As-bacteria systems for the k range 3-10 A-1.............................................. 185 
Figure 4.45a: Comparing arsenic x(k) experimental samples Fe-U-As to Fe-U-As-Cells 
up to 14 A-1 ........................................................................................................ 186 
Figure 4.45b: A comparison of lower portion of less than 7 A-1  of k values of the x(k)  
arsenic containing  experimental samples to references samples of metallic arsenic, 
arsenic oxide compounds As(3) and As(5) ........................................................... 187 
Figure 4.45c: Fourier transforms of arsenic experimental samples compared to reference 
compounds .......................................................................................................... 187 
Figure 4.45d: Backward Fourier transforms of arsenic containing sorption experimental 
samples spectra compared to reference compounds .............................................. 188 
Figure 4.45e: Fourier transform of arsenic spectra ....................................................... 188 
Figure 4.45f: Comparing k-weights of Fourier transformed arsenic spectra from the 
systems Fe-U-As and Fe-U-As-Cells ................................................................... 189 
Figure 4.46 Least Square multishell fits of k weighted 1 experimental spectra shown in k 
space after FT of the real components. Peak positions are not corrected for phase 
shift. .................................................................................................................... 191 
Figure 4.47: Magnitude of FT based representation of the least square multishell fit in R-
space of the abiotic arsenic spectrum of the system Fe-U-As system with peak 
position not corrected of phase shit of about 0.5 A0 ............................................. 192 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
List of Figures and Tables 
 
224 
List of Tables 
 
Table  2.1: The fundamental properties of U, As and Fe. ............................................... 25 
Table  2.2: Contrasting uranium, arsenic and iron respective concentrations in the main 
parts of the continental crust and rocks (compiled from Reimann and de Caritat, 1998). 27 
Table 2.3: Critical values of Q at different confidence levels (C.L.) ............................... 75 
Table 4.1: Columns effluent concentrations (n.d. stands for not detected) .................... 138 
Table 4.2:pumping steps of the influent solution .......................................................... 153 
Table 4.3: structural parameters of the respective coordination chemistry of uranium and 
arsenic sorbed onto metallic iron and Shewanella putrefaciens surfaces compared to the 
models (MS stands for multiple scattering). ................................................................. 190 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table of Contents 
225 
Table of Contents 
 
Abstract ............................................................................................................................ i 
Kurzfassung ..................................................................................................................... i 
Résumé ............................................................................................................................ i 
Acknowledgements .........................................................................................................ii 
Overview........................................................................................................................ iv 
Major Symbols and Abbreviations ................................................................................... v 
Symbols ...................................................................................................................... v 
Abbreviations ............................................................................................................. vi 
Chapter 1 ......................................................................................................................... 1 
Introduction ..................................................................................................................... 1 
1.1 Rationale ............................................................................................................... 1 
1.2 Objectives .............................................................................................................. 5 
1.3 Approach ............................................................................................................... 6 
1.4 Thesis Organization ............................................................................................... 6 
Chapter 2 ......................................................................................................................... 8 
The Hydrogeochemical, Geomicrobiological and Environmental Framework .................. 8 
2.1 Flow, Reactive Transport and Sorption Processes .................................................. 8 
2.1.1 Flow and Reactive Mass Transport.................................................................. 9 
2.1.2 Sorption Processes ........................................................................................ 11 
2.1.2.1 Definition ............................................................................................... 11 
2.1.2.2 Surface Physico-Chemistry .................................................................... 12 
2.1.2.2.1 Surface Area .................................................................................... 13 
2.1.2.2.2 Surface Functional Groups .............................................................. 13 
2.1.2.2.3 Surface Charge and Density ............................................................. 14 
2.1.2.3 Solution Speciation and Metal complexes Equilibria .............................. 15 
2.1.2.3.1 Solution Speciation .......................................................................... 15 
2.1.2.3.2 Metal Complexes Equilibria ............................................................ 16 
2.1.2.4 Sorption Mechanisms at the Interface of the Solid-Liquid Interactions ... 18 
2.1.2.4.1 Surface Complexation ..................................................................... 18 
2.1.2.4.2 Ion Exchange ................................................................................... 20 
2.1.2.4.3 Precipitation, Surface Precipitation, Co-Precipitation and Dissolution
 ...................................................................................................................... 20 
2.1.2.4.4 Hydrophobic Sorption ..................................................................... 21 
2.1.2.5 Equilibrium Sorption Models ................................................................. 21 
2.1.2.5.1 Sorption Isotherms........................................................................... 21 
2.1.2.5.2 Surface Complexation Models ......................................................... 22 
2.1.2.6 Non Equilibrium Sorption Models .......................................................... 23 
Table of Contents 
226 
2.2 Overview of the Environmental Hydrogeochemistry of Uranium, Arsenic and Iron
 .................................................................................................................................. 24 
2.2.1. Physical and Chemical Properties ................................................................. 24 
2.2.2 Occurrence .................................................................................................... 26 
2.2.3 Toxicity and Health Hazards ......................................................................... 27 
2.2.4 Aquatic Chemistry ........................................................................................ 28 
2.2.4.1 Uranium ................................................................................................. 28 
2.2.4.2 Arsenic ................................................................................................... 30 
2.2.4.3 Iron ........................................................................................................ 31 
2.2.5 Sorption and Transport .................................................................................. 32 
2.2.5.1 Uranium ................................................................................................. 32 
2.2.5.2 Arsenic ................................................................................................... 32 
2.3 Aspects of the Geomicrobiology of Uranium, Arsenic and Iron ........................... 34 
2.3.1 Defining Geomicrobiology ............................................................................ 34 
2.3.2 Bacteria Cell Structure .................................................................................. 35 
2.3.3 Bacteria Metabolism ..................................................................................... 37 
2.3.4 Bacteria resistance to toxic metals and metalloids ......................................... 38 
2.3.5 Interactions of Uranium with microorganisms ............................................... 39 
2.3.5.1 Uranium Oxidation ................................................................................. 39 
2.3.5.2 Uranium Reduction ................................................................................ 39 
2.3.6 Interactions of Arsenic with microorganisms................................................. 40 
2.3.6.1 Arsenic Oxidation .................................................................................. 40 
2.3.6.2 Arsenic Reduction .................................................................................. 41 
2.3.7 Interactions of Iron with microorganisms ...................................................... 42 
2.3.7.1 Iron Oxidation ........................................................................................ 42 
2.3.7.2 Iron Reduction ....................................................................................... 43 
2.4 Remediation Technologies for Uranium and Arsenic in Subsurface ..................... 44 
2.4.1.1 Iron Corrosion ........................................................................................ 46 
2.4.1.2 Mitigation of uranium and arsenic by Elemental iron.............................. 48 
2.4.2 Bioremediation ............................................................................................. 49 
2.4.2.1 Principle ................................................................................................. 49 
2.4.2.2 Bioremediation of Uranium and Arsenic in the Subsurface ..................... 51 
Chapter 3 ....................................................................................................................... 52 
Materials and Methods .................................................................................................. 52 
3.1 Batch and Column Experiments ........................................................................... 52 
3.1.1 Materials ....................................................................................................... 53 
3.1.1.1 Reagents................................................................................................. 53 
3.1.1.2 Groundwater Simulants .......................................................................... 53 
3.1.1.2.1 Background electrolyte solutions ..................................................... 54 
3.1.1.2.2 Natural Groundwater Solutions ........................................................ 55 
3.1.1.3 Sorbents ................................................................................................. 56 
3.1.1.3.1 Scrap Metallic Iron .......................................................................... 56 
3.1.1.3.2 Sands ............................................................................................... 57 
3.1.1.3.3 Iron Minerals ................................................................................... 58 
3.1.1.3.4 Calcite ............................................................................................. 58 
Table of Contents 
227 
3.1.1.3.5 The Scheneckenstein uranium tailings ............................................. 58 
3.1.1.3.6 Glass beads ...................................................................................... 59 
3.1.1.3.7 Bacterium Shewanella putrefaciens ................................................. 59 
3.1.2 Methods ........................................................................................................ 59 
3.1.2.1 Bacteria Culturing and Harvesting .......................................................... 59 
3.1.2.2 Batch Experiments ................................................................................. 60 
3.1.2.3 Column Experiments .............................................................................. 61 
3.1.2.3.1 Sorption experiments ....................................................................... 61 
3.1.2.3.2 The Combined Leaching and Sorption experiments ......................... 64 
3.1.2.4 Analytical Procedures............................................................................. 64 
3.1.2.4.1 The Photometric Determination of Uranium with Arsenazo III. ....... 66 
3.1.2.4.2 Atomic Absorption Spectroscopy .................................................... 71 
3.1.2.4.3 Inductive Coupled Plasma Mass spectroscopy ................................. 71 
3.1.2.5 Analytical Uncertainties ......................................................................... 72 
3.1.2.5.1 Uncertainty and Error ...................................................................... 72 
3.1.2.5.2 Estimation of uncertainty ................................................................. 73 
3.1.2.5.3 Spurious Errors/Blunders and Outlier Rejection Test ....................... 74 
3.1.2.6 Results Treatment and Presentation ........................................................ 75 
3.2 Synchrotron Based X-Ray Absorption Fine Structure Spectroscopy Experiments 76 
3.2.1 X-Ray Absorption Fine Structure .................................................................. 77 
3.2.1.1 X-Rays ................................................................................................... 77 
3.2.1.2 XAFS Spectroscopy ............................................................................... 78 
3.2.1.2.1 X-Ray Absorption Near Edge Structure (XANES) ........................... 80 
3.2.1.2.2 Extended X-Rays Absorption Fine Structure (EXAFS) Spectroscopy
 ...................................................................................................................... 81 
3.2.1.2.3 Multiple Scattering in the EXAFS regime ........................................ 82 
3.2.2 XAFS Experiments ....................................................................................... 83 
3.2.2.1 The Synchrotron Light Source Angstroemquelle Karlsruhe (Anka) ........ 84 
3.2.2.2 The INE Beamline.................................................................................. 86 
3.2.2.3 XAFS Measurements ............................................................................. 89 
3.2.2.3.1 Samples Preparation ........................................................................ 89 
3.2.2.3.2 The XAFS Experimental Set up ....................................................... 91 
3.2.3 XAFS Data Analysis ..................................................................................... 92 
3.2.3.1 XAFS Data Reduction ............................................................................ 92 
3.2.3.1.1 Conversion of Experimental Intensities to Absorption ..................... 93 
3.2.3.1.2 Background Removal and Normalization to Unity ........................... 93 
3.2.3.1.3 Conversion from Energy to k Space ................................................. 94 
3.2.3.1.4 Fourier Transform and Filtering ....................................................... 94 
3.2.3.2 EXAFS Spectra Fitting ........................................................................... 95 
3.2.3.3 ATHENA and ARTEMIS ...................................................................... 96 
3.2.3.4 Uncertainty on EXAFS Analysis Results ................................................ 98 
Chapter 4 ....................................................................................................................... 99 
Experimental Identification of Sorption Mechanisms..................................................... 99 
4.1 Sorption Mechanisms at Micro-scale and Hydrogeochemical Modeling ............... 99 
4.1.1. The Influence of Water Composition.......................................................... 100 
Table of Contents 
228 
4.1.1.1 The Influence of pH, Ionic Strength, Ligands and Metal Cations .......... 100 
4.1.1.2 The Effect of U, As or U-As Concentrations......................................... 113 
4.1.1.2.1 Upgrading Background Electrolytes .............................................. 114 
4.1.1.2.2 Upgrading a Natural Water ............................................................ 116 
4.1.2 The Influence of the Solid Phase ................................................................. 120 
4.1.2.1 The Role of Potassium on Uranium Removal Rate by Natural Iron 
minerals ........................................................................................................... 122 
4.1.2.2 The Role of Potassium on the Rate of Uranium Fixation on Metallic Iron
 ........................................................................................................................ 125 
4.1.2.3 The Role of Potassium and the Influence of Arsenic Concentration on 
Uranium Fixation on Metallic Iron ................................................................... 127 
4.1.3 Transport at High Concentrations ................................................................ 131 
4.1.3.1The Effect of Water Composition .......................................................... 131 
4.1. 3.2 The Influence of the Solid Phase ......................................................... 134 
4.1.3.3 Leaching and Transport at Anoxic and High Influent Discharge 
Conditions ....................................................................................................... 137 
4.1.4. Sorption Isotherms at Low Concentrations ................................................. 142 
4.1.4.1. The Influence of Water composition .................................................... 142 
4.1.4.1.1 Sorption Isotherms on Quartz d‘Alsace .......................................... 143 
4.1.4.1.2 Sorption Isotherms on Iron Coated Quartz d‘Alsace ...................... 145 
4.1.4.1.3 Sorption Isotherms on Scrap Metallic Iron ..................................... 146 
4.1.4.2. The Influence of the Solid Phase ......................................................... 148 
4.1.4.3 The Effect of Iron Dissolution on Isotherms ......................................... 150 
4.1.5 Competitive Uranium Transport at Low Concentrations .............................. 152 
4.1.5.1 The Influence of Arsenic ...................................................................... 154 
4.1.5.2 The Influence of Iron ............................................................................ 156 
4.1.6 Concluding remarks .................................................................................... 158 
4.1.6.1 The Effect of Water Composition and the Influence of Arsenic ............ 158 
4.1.6.2 The Effect of the Solid Phase ............................................................... 162 
4.1.6.2.1 Scrap metallic iron ......................................................................... 162 
4.1.6.2.2 Glass beads .................................................................................... 163 
4.1.6.2.3 Natural oxy/hydroxide iron minerals .............................................. 164 
4.1.6.2.4 Iron coated quartz sand d‘Alsace ................................................... 164 
4.1.6.2.5 Frechen quartz sand ....................................................................... 164 
4.1.6.2.6 Quartz sand d‘Alsace ..................................................................... 165 
4.1.6.3 A possible mechanistic model .............................................................. 165 
4.1.6.4 Hydrogeochemical Simulations ............................................................ 167 
4.1.6.4.1 Uranium and arsenic pH-edges onto standard hydrous ferric oxide 
(HFO) .......................................................................................................... 169 
4.1.6.4.2 Reactive transport of uranium and arsenic onto quartz sand d‘Alsace
 .................................................................................................................... 172 
4.2 Sorption Mechanisms at Nano-scale: XANES Fingerprinting and EXAFS 
Modeling ................................................................................................................. 173 
4.2. 1 XANES Fingerprinting .............................................................................. 173 
4.2.2 EXAFS Modeling ....................................................................................... 180 
4.2.3 Concluding Remarks ................................................................................... 196 
Table of Contents 
229 
Chapter 5 ..................................................................................................................... 198 
Conclusions and Perspectives ...................................................................................... 198 
References ................................................................................................................... 203 
List of Figures ............................................................................................................. 218 
List of Tables .............................................................................................................. 224 
Table of Contents ........................................................................................................ 225 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
